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INTRODUCTION
The United States is one of the major grain producers
and is the largest producer and exporter of corn in the
world. The American farmers harvest more than six bil
lion bushels of corn annually. American corn production
and harvesting has changed significantly within the last
two decades, particularly in mechanical shelling. Most
of the farmers have changed from ear com harvesting
systems to harvesting shelled corn with combines or
picker-shellers. With modern equipment the farmers can
harvest their crop at higher grain moistures to reduce field
losses, lower labor requirements and improve labor effi
ciency, work longer days, complete harvesting during good
early fall weather and field conditions, and also where
necessary to extend their harvest season. High moisture
corn harvesting was made feasible by the development of
grain dryers.
Early harvesting, however, is not without drawbacks.
Shelling com at moisture contents above 20 per cent
drastically increases mechanical damage to corn kernels.
In fact, quality deterioration continues as the grain is
dried and handled as it is moved to the market.
Damaged grain causes problems for the producers,
processors, and foreign buyers. The concerns are
different for each of the parties involved in the com
industry.
Economic losses to the farmer as a result of grain
mechanical damage start during shelling in the field
in the form of invisible losses. These losses consist
of corn meal (corn chips and fragments) which are light
enough to be blown out of the combine with the trash,
and com tips left in the cobs (Byg, 1968). Mechanically
damaged com has a lower market value, and the farmer is
estimated to lose up to three cents per bushel when corn
is sold for $1.12 per bushel (Bailey, 1968) as a result.
Farmers are concerned that they do not receive premiums
on grain that grades better than the standard trading
trade. The lack of premiums penalizes the individual
with grain of superior quality. This is a direct result
of the absence of a commercial apparatus or method for
measuring mechanical damage to com as it is being
harvested.
Mechanically injured grain causes direct financial
losses to the industry of nearly one half billion dollars
annually. Mechanical damage lowers the yield products
of the dry milling operation since all broken kernels are
removed prior to the actual milling operation by screens
(Roberts, 1972). The presence of internal cracks also
reduces the yield of prime products (large-sized grits)
and increases the yield of undesirable products (small
grits and flour) (Uhrig, 1968). Damaged corn used in the
wet milling industry reduced yields of primary products
and impaired product quality (Freeman, 1972). Poor
millability, low oil recovery, low starch viscosity, and
low pigment content of gluten are among the most serious
problems faced by the wet milling industry when using
damaged grain. This problem also drew the attention of
the farm equipment manufacturers, who are now spending
more money to develop new threshing concepts and combine
cylinder equipment to reduce some of the damage inflicted
during threshing.
Kernel injury drastically affects the short and long
term corn storage. Saul and Steele (1966) have indicated
that field-shelled, high-moisture corn could not be stored
for more than a few hours without deterioration in
quality. Faster drying rates were required to prevent
spoilage. They found that energy cost of drying damaged
field-shelled corn was about six to seven times more than
for damage-free, hand-shelled corn.
Once the seed coat is damaged, moldn grow on the
exposed starch and cause rapid deterioration of quality,
especially when the grain is held at warm temperatures and
high moisture levels. Research has shown field shelled
com molds and spoils more readily than damage-free
hand shelled com (Saul, 1967; Saul and Steele, 1966;
USDA, 1968). A serious problem associated with molds and
fungi invading the damaged corn is the development of
mycotoxins, or secondary metabolites. The most important
mycotoxin, aflatoxin, is a metabolite of the mold
Asperfillus flavus (Liebenow, 1972). Alfatoxin in some
instances, poses perhaps the most serious problem in the
area of grain quality. Fortunately, chemical tests are
available that can detect these toxins even when they
are present at levels as low as 2 parts per million. As
a result, a single contaminated kernel may cause the con-
denmation of a sizable patch of grain (Hauser, 1971).
The limits for the presence of these toxins in corn feeds
are between twenty and one hundred narts per million,
depending on the intended use (Risser, 1977).
Mechanical damage also decreases seed com
viability. Root growth rate and germination are drasti
cally reduced as a result of corn seed injury, thus
causing substantial yield losses (Gomez and Andrews,
1971).
At the present time the challenge facing the corn
industry is the development of a method or procedure that
can accurately describe the quality of corn from the
standpoint of physical or mechanical damage. The USDA
grain grading system now in use in trading channels does
not account for all kinds of kernel injuries sustained
during field harvesting, drying and handling. The only
provision offered for damage evaluation is the percentage
of BCFM (broken corn and foreign materials) that can pass
through a 12/64 inch round-hole sieve. In a typical
harvesting system in Iowa, it was found that the average
BCFM was only 0.7 per cent, while total damage was 34.4
per cent (Ayres et al., 1972). From laboratory shelling,
Chowdhury and Buchele (1976a) reported that the average
BCFM was 0.77 per cent compared to total mechanical
damage of 40.37 per cent. It is thus apparent that the
grading system measures only a very small fraction of the
total damage.
The farmers have little or no incentive to try and
minimize mechanical damage, as no penalties are imposed
upon grain mechanical damage. The primary reason for
not imposing penalties is that no commercial apparatus
or method is available that can accurately measure damage.
Several methods of evaluating kernel damage have been
developed (Chowdhury, 1978).
Still, intensive research is needed to test old
methods, develop new methods, and explore new frontiers
that could possibly lead to the development of reliable
and accurate equipment for measuring total damage in a
com sample. These methods should be directed towards
achieving the goals of reducing grading errors and
removing, where possible, subjective human judgement
OBJECTIVES
The urgent need to develop new methods and equinnent
for measuring mechanical damage in corn motivated this
research work, with the following objectives:
1. To review the literature on the nature and
causes of mechanical damage.
2. To review the literature on the methods for
measuring mechanical damage to grains.
3. To study the relationship between com
grinding energy and corn mechanical damage.
4. To study the relationship between the grinding
rate and corn mechanical damage.
5. To investigate the effect of corn moisture
content on the grinding energy and the grinding
rate.
6. To investigate the effect of corn variety on
the grinding energy and the grinding rate.
8REVIEW OF LITERATURE
The problem of grain mechanical damage has been
investigated by the corn industry and research workers.
The causes and nature of mechanical damage were studied
and methods for accurately measuring mechanical damage
were developed.
Nature and Causes of Mechanical Damage
In general, grain damage can be classified into two
categories: external and internal. Both damages might
result from either physical (structural) or physiological
changes in grains in the field and during storage and
handling. Physical changes normally enhance certain
physiological changes which would further deteriorate the
quality of grains. Physical damage to corn is caused
initially by the mechanical shelling in the field, and
practically every subsequent operation, such as drying,
transporting and handling, further increases the damap.e
inflicted upon the corn kernels. Physical characteristics
of the kernels affect the extent to which corn is damaged.
Damage associated with harvesting
The primary cause of mechanical damage to grain is
the field shelling operation. The nature of the damage
is almost all physical damage as indicated by many
research workers (Arnold, 1959, 1964, 1967; Arnold and
Roberts, 1969; Cooper, 1968, 1971; Bunnelle, et al., 1954;
Delong and Schwantes, 1942; Young, 1968; and Kolganov,
1958). The kind of threshing that is normally accom
plished in a combine cylinder is impact or impulsive
threshing, where the harvested grain heads are repeatedly
hit by the cylinder bars. During this process the kernels
are subjected to impact and compressive forces that breach
the seed coat or crack the pericarp of the kernel.
Gullickson (1968) indicated that two major modes of
kernel damage are encoxmtered in the shelling process:
impact loading and slow speed loading. He reported that
high cylinder speed in itself was not damaging, but that
a combination of machine parameters, sharp corners,
surface materials and other factors lead to kernel
damage. He observed that for adequate shelling, with
1 inch front and 1/2 inch rear conventional cylinder
clearance, individual ear loading may approach 1000 lb.,
which is much higher than needed for threshing.
In the conventional combine, the corn kernels are
subjected to mechanical damage while passing through the
shelling crescent, the annular space between the cylinder
and the concave. The ears encounter impacts and compres
sive loading between the rasp bar and the filler plates
of the cylinder and the steel bars of the concave.
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Usin~ hi3h-speed photography, Fox (1969) studied the 
shelling operation of corn. He observed that an ear 
of corn was subjected to about seven to nine impacts 
against the rasp bars of the combine cylinder before the 
kernels were shelled from the cob, and this caused 
mechanical damage to the crown of the kernel. He 
reported that even after the shelling was complete only 
a portion of the kernels passed innnediately through the 
concave; the other bounced for some time between the 
cylinder and the concave. During this period the kernels 
were subjected to high and low impacts from the shelling 
unit and compressive loading from the incoming ears, 
thus causing further mechanical damage to the kernels. 
Mahmoud (1972) studied the mechanical damage 
inflicted upon corn kernels in a conventional combine 
cylinder, and he reported that mechanical damage of 
corn ranged between 12 and 60 per cent. Using high-speed 
films of the shelling operation, he observed that 
detached kernels traveled for some distance down the 
shelling crescent before escaping through the concave. 
The further the kernels traveled while attached to the 
cob, the more they were subjected to repetitive impact 
and consequently suffered more damage. He divided the 
concave into 5 sections and collected samples from 
each section. The kernels caught at the front of the 
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concave were less damaged than those caught at the rear
of the concave. Mahmoud and Buchele (1975) reported that
the mean for mechanical damage of corn increased from 15
per cent at concave inlet to 45 per cent past the concave
extension due to the repetitive impacts from the rasp
bars of the cylinder as ears and shelled kernels trav
elled down the shelling crescent. Brass (1970) used high
speed photography with both a roller sheller and a
traditional cylinder-type sheller, and he observed
that, in both machines, the detached kernels encounter
considerable difficulty in passing through the concave
opening. It appears that only a percentage of kernels
pass through the concave; the rest rebound and are driven
back toward the concave by the rasp bars. Only a per
centage of these kernels pass and the rest rebounds.
This continues for as many as 7 to 12 rebounds for the
most damaged and battered kernels.
The extent of damage suffered by grain in the
shelling operation is dependent on the crop condition,
the machine setting, and even the machine operator.
Ayres et al. (1972) found that the mechanical damage of
combined corn kernels ranged between 16.4 and 79.4 per
cent in typical field harvesting systems in Iowa. They
observed that several samples with damage above average
came from combines with cylinders operating at rpm higher
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than recommended or with varieties that did not shell
easily. Kline (1972) reported that combine harvested
corn had over 5 per cent visible damage (less than whole
kernels) and 40.5 per cent hairline cracks damage (whole
kernels with damage indicated by fast green dye treat
ment). Koehler (1957) reported that the corn damage
inflicted by a cylinder sheller was 14.3 per cent crown
injury, 28 per cent embryo injury, 13.4 per cent other
pericarp injuries, 6.6 per cent tip-cap broken off, and
3.9 per cent cracked kernels.
Several research workers (USDA, 1967; Cooper, 1968;
Fox, 1969; Brass, 1970; Jaafari and Buchele, 1976;
Peprah, 1972; and Al-Jalil, 1978) have invented new types
of corn shellers to reduce the mechanical damage below
that now inflicted by conventional combine cylinders.
The experimental shellers caused less damage compared to
the conventional shellers, but inherent limitations and
performance problems have been encountered.
Damage associated with drying
Using modern harvesting methods, the farmers harvest
their corn at high moisture contents, and dry it with
heated air to prevent grain deterioration during storage.
Studies of artificial drying have shown that it can have
adverse effects on grain quality.
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Foster (1968) reported that high speed and high
temperature drying may damage grain in sovoral ways.
Rapid drying leads to increased brittleness of the
grain, and heat drying and subsequent cooling causes
stress cracks and endsoperm fissures. The stress
cracks and fissures make the grain more susceptible
to breakage when handled. He observed that breakage
was more severe in corn than other grains.
Thompson and Foster (1963) showed that shelled corn
dried at 140° to 240°F was two to three times more
susceptible to breakage than the same corn dried with
unheated air. Subsequent work by Brekke (1966, 1968),
and Brekke and Kwolek (1969) suggested that stress
cracking develops as moist com contracts or as dry grain
expands as water is replaced, such as in the tempering
step of the dry milling operation.
Ross and White (1971) reported on stress cracking
in white corn as affected by drying temperature, cooling
rates, and overdrying. They found that stress cracking
increased as the drying temperature increased from 130°
to 220 F, and that corn dried to final moisture levels
of between 10 and 14 per cent had 70 to 90 per cent
checked kernels. Peplinski et al. (1975) and Kline
(1972), also reported on the adverse effects of heat
14
drying and the formation of kernels' stress cracks
during the drying process.
Damage associated with handling methods
Part of the grain breakage has been attributed to the
way grain is handled after it leaves the farm. The use
of high-speed elevators and grain throwers or trimmers
contribute heavily to grain breakage. Much of the damage
is due to the impact of kernels against some object.
Com drying induced stress cracks break up most.
Ditzenberger (1972) showed that within a handling system
(Fig. 1) the areas where grain damage occurred, were:
1. Receiving pit mechanism
2. Intake point of elevator
3. Intake point of elevator (position)
4. Boot pulley
5. Discharge of elevator
6. Carry over or down legging
7. Grain damage within spout
8. Grain damage at bin inlet
9. Fall in bin
10. Discharge mechanism of bin.
Chung (1969) investigated the damage to corn caused
by a pneumatic conveyor operated over a range of condi
tions. He found that high conveying velocity causes the
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most corn damage, and the effect increased as the
moisture content decreased. Bailey (1968) reported
that pneumatic unloading equipment for ships causes
excessive kernel damage. Kernels are unloaded at very
high speeds which shatters almost all the brittle kernels
when they impact stop in the bin. Sands and Hall (1971)
found that a screw conveyor caused only a small amount
of damage to dry shelled corn when operated at full
capacity, but the level of damage greatly increased
when the conveyor was loaded to one-fourth capacity,
or when the screw speed was increased.
Fiscus et al. (1971) simulated most typical handling
techniques in the laboratory. They simulated dropping
grain in a storage bin, into an empty bin, and into a
part-filled bin. They showed that dropping grain from
heights greater than 40 feet caused more breakage
than any other handling system. Foster and Holman (1973)
found that dropping corn 70 feet onto a pile of com
produced 4 to 7.7 per cent breakage and passing through
a flexible spout, impacting a steel surface (simulating
filling a boxcar) produced 1.5 to 7 per cent breakage.
Other research workers (Winter and Foster, 1968; and
Keller et al., 1972) have also reported increased
breakage during the handling process in commercial
facilities.
17
The Increase in broken kernels during handling is
aggravated by a phenomenon called by the trade a "gpout-
line" (Bailey, 1968). Whenever a stream of particles of
varying sizes is poured onto a pile, the smaller particles
tend to stay in the center and the larger particles roll
or flow down the slope. In corn, about one third of the
mass is voids between the kernels, and when in a pile, the
fines tend to fill these voids and form a verticle column
in the center of the pile. Most corn storage bins
contain this center core. In this area, there is no air
circulation and so progressive heating and damage occurs.
Damage associated with grain physical properties
Grain physical properties directly affect the extent
of damage caused during shelling, drying and handling.
In a study of the effect of the physical properties of
corn cobs and kernels on mechanical damage, Waeltx (1967)
found that the major factors affecting kernel damage were
kernel detachment force, kernel and cob strength, and
initial and final kernel thickness. Sehgal and BroT^
(1965) reported that, in hard-shelling cobs, there was not
only more cob splitting but also an increase in mechanical
kernel injury. Agness (1968a) found that for comparable
shelling percentages, a hard-shelling corn variety
showed slightly more damage than did an easy shelling
18
variety, and that kernel damage was proportional to
harvest moisture content. Mahmoud and Kline (1972)
also found that there was a high correlation between
hidden damage and pericarp thickness of corn kernels.
Since corn is usually harvested at moisture contents
of 25 per cent or more, many research works have been
directed toward investigating the effect of moisture
content on the extent of mechanical damage. Research by
Burrough and Harbage (1953) and Morrison (1955) indicated
that mechanical damage increased substantially with
increasing moisture content. Hall and Johnson (1970) ,
using a laboratory combine cylinder found that, the grain
fines generated in the shelling process decreased with
decreasing moisture content until about 20 to 24 per cent
moisture was reached and then increased as the moisture
decreased. Waelti and Buchele (1967) reported that kernel
damage was positively related to kernel moisture content,
and that the relationship was logarithmic in the moisture
range of about 15 to 38 per cent.
Methods of Evaluating Grain Mechanical Damage
One of the most critical problems in corn quality
evaluation is the accurate measurement of mechanically
damaged shelled corn, since the initial injuries sustained
by the kernels during the shelling process vary widely
19 
in their intensity. In fact, the definitions of 
mechanical damage are numerous in the literature. 
Althoueh corn is evaluted and marketed under a wide 
assortment of procedures, the need still exists for the 
development of a fast and accurate technique for corn 
quality evaluation . For a long time it has been very 
difficult to accurately assess the damage present in 
shelled corn, and this is further complicated by the fact 
that each segment in the corn industry has a unique 
definition for grain damage depending on the intended 
use. Kaminski (1968) outlined the following factors as 
related to the effect of damage on the value of grain in 
the light of its ultimate or intended use: 
A. Numerical grade to the farmer-~The USDA grain 
marketing standards relate price to overall 
seed quality and the farmer is interested in 
obtaining the highest price possible for his 
grain. 
B. Storability--Grain damage affects the quality 
and dry matter of grain stored under specific 
conditions for a certain period of time. 
C. Handling ability--In the exµort of grain, there 
is an interest in evaluating mechanical damage 
to grain on the basis of its resistance to addi-
tional crackage during subsequent handling. 
D. Seed viability--A seed grower evaluates seed on 
the basis of its capability of developing into 
an acceptable seedling. 
20
The following are different methods used by
different segments of the com industry to evaluate
mechanical damage of com.
Official grain standards
Grain was first graded in the United States in 1857
by the Chicago Board of Trade as a result of the need for
a common language to describe the quality of grain that
x-7as sold. In 1871, Illinois became the first state to
establish an official grain inspection, and was followed
by nine other states. But problems existed due to the
fact that there was little uniformity in the interpre
tation of terms like "dry;" "damp," "plump," and "sound,"
and the application of the standards themselves (Akiyama,
1972). Through continued public demand, governmental
research, and industry, Federal grade standards for corn
were developed and made effective in July 1914. These
original U.S. standards for com included factors of
moisture, damaged com, foreign material, cracked com,
plus eleven general rules describing color, condition, and
identity of the corn. At that time test weight was not
included as a factor. By 1916, the United States Hrain
Standards Act was passed, and at the time of enactment
only the standards for corn were promulgated. For the
past 60 years only minor changes in the com standards
21
were made reflecting the changes and the needs in the
com industry. The characteristics that determine grades
(Uhrig, 1968) include:
1. Classes or colors, such as yellows, white, or
mixed com.
2. General condition factors, which include smut,
garlic, live weevils, heating, sour and bleached
kernels, and other similar conditions.
3. Factors that determine the numerical grade, such
as moisture content, test weight per bushel,
foreign material, damaged kernels and the presence
of other classes or kinds of grain.
At the present time the quality of all grains is
determined by the latest version of the USDA grain grading
system (USDA, 1970 and USDA, 1972). As far as corn is
concerned, this system has six numerical grades. The
highest quality is the numerical grade No. 1, and the
lowest grade No. 5, while the No. 6 grade is known as a
sample grade where one or more of the grading factors is
lower than the minimum requirements of the numerical
grades. Grain that is heating, sour, has objectionable
odor, contains stones, or unsafe for storage or transpor
tation is also a samnle. The numerical grade of corn is
determined by the factor on which it grades the lowest
according to the grade requirement in U.S. grading system
shown in Table 1.
In this system, com mechanical damage evaluation
is contained in the percentage of broken corn and foreign
22
Table 1. Numerical grade standards for com (USDA, 1970)
Maximum Limits
Minimum
test weight
per bushel
lb.
Broken
corn and Dama^;ed kernels
Grade
Moisture
foreign
material
%
Heat-damaged
Total kernels
% 7o
U.S. No. 1 56 14.0 2.0 3.0 0.1
U.S. No. 2 54 15.5 3.0 5.0 0.2
U.S. No. 3 52 17.5 4.0 7.0 0.5
U.S. No. 4 49 20.0 5.0 10.0 1.0
U.S. No. 5 46 23.0 7.0 15.0 3.0
U.S. sample
grade U.S. sample grade shall be corn which does
not meet the requirements for any of the
grades from No, 1 to No. 5, inclusive; or
which contains stones; or which is musty,
or sour, or heating; or which has any
commercially objectionable foreign odor;
or which is otherwise of distinctly low
quality.
material which will readily pass through a 12/64 inch
round-hole sieve. This definition excludes other kinds
of mechanical damage resulting from combine shelling such
as chipped or crushed kernels and kernels with hairline
cracks which are retained on a 12/64 inch round-hole
sieve and constitute the bulk of the kernels that are
damaged. Thus, in fact, this system measures only a small
part of the mechanical damage normally encountered in
field shelling of com. Ayres et al. (1972) reported
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that the mechanical damage of combined corn ranges
between 16,4-79.4 per cent in a typical field harvesting
system.
Also, the criteria of test weight as a measure of the
value of com have not been proven by research. In fact,
test weight has been found to be affected by initial
moisture content, drying temperature, corn variety, and
kernel damage (Hall and Hill, 1973). With the arrival
of combines and the associated high moisture corn, test
weight discount often becomes a second penalty against
moisture.
Factors, such as high moisture, that may represent
lower quality in one market may within reason be a very
desirable quality attribute in another market. Also,
broken kernels may be unacceptable to starch producers
but be of little concern to livestock feed producer.
This indicates that quality of grain is highly dependent
on its ultimate use.
Due to the inability of the U.S. grading system Co
measure grain quality, the system has received a lot of
criticism from the different sectors of the com industry.
The farmers feel that the system discotints for the supposedly
lower quality grain, but seldom rewards the producer
for grain above the minimum standards for specific grades.
The different sectors of the corn processing industry
24 
are not satisfied with the present grading system because 
it does not meet their specific grade requirements. Others 
(Pepper 'and Hill~ 1977; Maywald, 1968; Grow, 1968, Bailey, 
1968; and Kaminiski, 1968) have reported some of the 
problems in implementing these standards to meet the 
quality needs of today's and tomorrow's buyers. 
The United States Grain Standards Act of 1976 (PL94-
582) mandates a study of the grades and standards for 
grain to determine if changes are needed. Some of the 
modifications were suggested by Albert (1973) and Hauser 
(1971). 
Visual inspection 
Since ancient times, visual inspection has provided 
a means for evaluating the quality of grain, and it is 
still the only method used in most of the developing 
countries. It provides one of the most reliable methods 
available for measuring mechanical damage of corn. Visual 
inspection can be either quantitative or qualitative in 
nature . 
Quantitative visual inspection This method is 
frequently used by research workers (McKibben, 1929; 
Morrison, 1955; Saul and Steele, 1966; Steele, 1967; Fox, 
1969; and Peprah, 1972) for critical evaluation of corn dam-
age. They defined mechanical damage as the percentaRe of the 
25
total sample weight that consists of fines and other
kernel damage, thus giving each damaged kernel an oqu;il
weight in the final analysis of kernel damage. But, the
severity of damage is not taken into account, and since
mechanical damage occurs on a continuous scale from hair
line cracks to complete breakage of the kernel, the
severity of damage plays an important role in the evaluation
of mechanical damage. The precision of this method is
greatly affected by hiiman judgement. Schmidt et al. (1968)
found large variations in estimates of mechanical damage
using this method, and he reported that the results were
affected by sample size, men differences in reading the
sample, and by the inability of men to repeat their reading
on the same sample. Hukill (1968) also reported large
variations in the estimates of mechanical damage graded
by individual inspectors. This method is also tedious
and time consuming. Fast Green FCF dye is usually used
to help in detecting hairline cracks and seed coat damage.
The dye in solution stains the exposed starchy areas of
the seed, thus making it easier to detect damaged kernels.
Koehler (1957) successfully used this dye method to detect
seed coat damage in corn, while Schmidt et al. (1968)
reported that samples treated with Fast Green FCF dye
permitted more damage to be detected but did not improve
the precision of the estimates. Also, the dye always
26
stains the kernel tips and silk points on the pericarp,
which may quite often bo mist.ikon for J.im.ij'.o polnLii.
Qualitative visual inspection Some of the research
done on mechanical damage of shelled corn was directed
towards identifying the nature and extent of damage
inflicted upon the corn kernels. This was achieved
through the use of qualitative visual inspection where
damaged corn samples are divided into classes according
to the severity of damage. Koehler (1957) identified
four major classes of mechanical damage, namely, kernels
with sound pericarp, kernels with pericarp injury, kernels
with tip-cap broken off, and cracked kernels.
Brass (1970) classified mechanical damage into four
classes: severe damage, embryo damage, crown damage,
and pericarp damage.
Mahmoud and Kline (1972) divided mechanical damage
in corn into five types:
Type 1: Broken corn and foreign material through
a 12/64 inch round-hole screen.
Type 2: Broken, chipped or crushed kernels over
a 12/64 inch round-hole screen. This
was identified as visible damage.
Type 3: Total of broken corn and foreign material
and visible damage, i.e. total of Type 1
and Type 2.
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Type 4: Dye stained whole kernels with damaged
pericarp, porfitm perii-.irp nilI ny..
and hairline cracks. This was identified
as hidden damage.
Type 5: Breakage test damage defined as the
percentage of broken kernels through
a 12/64 inch round-hole screen after
impact of 100 grams of com on a r>tein
tester at 1800 rpm for 2 minutes.
Chowdhury and Buchele (1975) using visual inspection
classified the samples from shelled corn as broken kernels
and fine materials, severe damage, major damage, minor
damage, and whole kernels.
It is evident that there is no agreement between
research workers on the kind and definition of the
classes to be used for mechanical damage. Since human
judgement is a major factor in deciding the different
damage classes, the results are often unreliable. Also,
borderline cases are difficult to classify. This method
is more time consuming than the quantitative method.
Germination tests
Germination tests provided an excellent method for
seed quality evaluation in both research and seed produc
tion industry. The tests themselves are varied in their
28
procedures and objectives. The following are some types
of these germination tests:
1. Standard germination test It is mainly used
by seed producers to determine seed quality and viability.
Reduction in germination is affected by disease infections,
insect damage, mechanical damage, and a host of other
factors. Thus, mechanical damage is only one of many
factors. Some of the mechanically damaged kernels will
grow if their germ has not sustained any damage. Kolganov
(1958) studied the effect of mechanical damage on germina
tion, germination energy and growth vigor of wheat. He
observed that damaged wheat seeds germinated well but at
a reduced growth vigor, the emergence of these seedlings
was substantially reduced, and there was a reduction in
the weight of the plants at a later date. He also reported
that only 40 per cent of the seeds with a damaged embryo
emerged.
Chowdhury and Buchele (1976b) reported that the
average per cent of germination decreased as the severity
of damage increased. They found the germination was 0,
5.0, 38.6, and 76.6 per cent for broken kernels and fines,
severe damage, major damage, and minor damage, resnectively
Using these results they determined a relative quality
factor (multiplier) for each of the above damage categories
as follows:
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= Broken kernels and fines that passed
through a 12/64 inch round-hole sieve = 10
D2 Severe damage - broken, chipped and crushed
kernels (more than 1/3 of the whole kernel
missing = 10
= Major damage - open cracks, chipped and
kernels with severe pericarp damage = 6
= Minor damage - hairline cracks and spots
of pericarp missing = 2
= Whole kernels - did not absorb dye except
on the kernel tip = 1
They then developed a numerical damage index equation
as follows:
D, d-,+D«d«+Dod«-f-D/ dy+Dc.dcDamage index, D.I. - 11 2 2 3^3 4 4 5 5
where,
d^ = percentage weight of D^ category
d2 = percentage weight of D2 category
d^ = percentage weight of D^ category
d^ percentage weight of D^ category
d^ = percentage weight of category
2. Acid germination test In this method the seed
is soaked in a 50 per cent (v/v) sulphuric acid solution
for three hours at 20-21°C, then the seed is washed in
running water, steeped in excess of 2 per cent calcium
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carbonate suspension for 15 minutes, and again washed with
water before being allowed to germinate. Caldwell and
Hampson (1958) reported that the acid penetrated through
any break in the seed coat of barley and destroyed the
embryo, thus preventing any mechanically damaged seed
from germination, but it did not affect undamaged seed,
Arnold (1964) also used this method to evaluate mechanical
damage in barley. The main disadvantage of this method is
that it is time consuming and requires specially trained
personnel in the use of hazardous chemicals.
3. Seedling growth rate tests These tests are
used in seed laboratories to evaluate seed quality. The
seeds are placed in a dark germination chamber at 25° + 1°C
for seven days. After germination, the seedlings are dried
at 80°C for 24 hours then weighed and the total dry weight
of the normal seedlings per batch is divided by the number
of seedlings included to calculate a seedling growth rate
(Burris et al., 1969). Koehler (1957) used these tests on com
mercial corn seed to evaluate the various types of kernel
pericarp damage, and he reported that this method, although
slow, not only indicated the effect of damage on the
potential for emergence, but allowed for difference in
vigor of the surviving plants as well. This method was
also used by Chowdhury and Kline (1976) to evaluate the
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effect of internal damage on corn kernels from compression
loading.
4. Cold germination tests This method is used by
hybrid corn and other seed industries to evaluate seed
quality and seedling vigor. Welch and Delouche (1969)
and Clark et al. (1969) used this method on mechanically
damaged cottonseed, and they reported that as the degree
of mechanical damage increased the cold test germination
percentage decreased.
Breakage tests
A lot of research has been directed toward developing
reliable methods for predicting breakage of corn in
handling. The breakage tests were developed to measure
the susceptibility of kernels to breakage simulating the
different handling methods. The several breakage testers
introduced comprise a motor, a grinding chamber, and an
impeller.
A breakage tester similar to the peanut splitter
was developed by Dickens (1961). Kernels were dropped
into a hole located in the center of a 9-inch impeller
made of brass tubing, and revolved at approximately 1,765
rpm. The impeller was centrally located in a steel cylinder
The keimels were dropped individually into the rotating
impeller by a vibrating feeder and thrown outward to strike
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the wall of the cylinder. About 5 minutes were required
to riin a breakage test.
Thompson and Foster (1963) used a food blender to
determine grain breakage after replacing its metal blades
with a centrally mounted piece of plastic tubing. They
compared this tester with two other breakage testers, the
one developed by Dickens (1961) and a commercial breakage
tester. They indicated that the three testers used have
produced the same trends among the samples tested.
To develop a standard grain breakage test, McGinty
(1970) evaluated two commercial breakage testers, namely,
the Cargill grain breakage tester and the Stein breakage
tester. He reported that the Stein breakage tester was
superior and could be used to predict the "breakage
tendency" of grain. The Stein breakage tester is an adapta
tion of a mill for grinding grain and other materials for
laboratory analyses. The Standard breakage test outlined
by McGinty (1970) consists of impacting 100 grams of grain
for two minutes in the Stein breakage tester and weighing
the amount of grain that will not pass through a sieve
(12/64 in round-hole for corn). Stephens and Foster (1976)
tested this Stein breakage tester and compared the results
with actual handling and drying breakage data, and they
reported that a good correlation existed between breakage
of market corn due to handling and the predicted results
33
from the Stein tester. Agness (1968b) reported the cor
relation matrix for several different measures of kernel
damage and grain moisture content, and he indicated that
Stein breakage test results and fines produced at harvest
had the highest correlation. However, wide variations
in grain properties, without compensating test procedures
or corrections, often lead to Inconsistent and irrepro-
ducible results. Also, the inability to distinguish small
breakage differences on a sample is a major objection to
the breakage tester.
Chung and Bern (1980) tested a blender against the
Stein tester and found a high correlation between the
results from the two machines. They reported that the
blender was not inferior in repeatability to the Stein
tester. They proposed a standard procedure for the blender
as follows;
a. Sieve the com on a 12/64 inch round-hole
sieve to remove initial breakage.
b. Use 50 gram samples and run them in the
blender for 10 seconds at the slowest
speed setting.
c. Sieve the sample on a 12/64 inch round-hole
sieve and weigh the amount remaining on the
sieve.
d. The breakage percentage of the blender is
2 X (50-R), where R represents the mass of
the sample that remains on the sieve.
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To better understand the mechanics of fracture,
Jindal and Austin (1976) studied the grinding properties
of com using the concept of specific breakage rates
(Austin and Klimpel, 1964) and breakage distribution
functions as applied to minerals (Austin, 1971). They
showed that these concepts apply to the breakage of corn
in a hammer mill.
Chung and Converse (1968) reported that the breakage
tester is not a reliable and adequate device to use for
wheat samples because of the insignificantly small amounts
of breakage obtained and poor reproducibility and non-
uniformity of the results.
Invisible damage detection tests
Stress cracks and internal seed injuries may be
caused by field shelling, drying and handling. These
kinds of injuries are very hard to detect with the naked
eye, and research workers have tried to develop methods
that will aid in their detection. Some of the methods
used include:
1. Topographical tetrazolium test - This test
was developed by Lakon (1949) to determine
the germinating capacity of seeds. For this
test, the seed is usually cut longitudinally,
and the embryo is stained with a 1 per cent
aqueous solution of 2, 3, 5-triphenyl
tetrazolium chloride. The chemical reacts
with an enzyme, supposedly present only in
live embryos, causing a red coloration of
the embryo. This tetrazolium staining
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method, promoted in the United States by
Moore (1961, 1967) has been used by several
research workers to evaluate grain damage.
It was used by Chowdhury (1973) to evaluate
internal grain damage in corn kernels caused
by the rubber roller sheller. This method
requires both a good knowledge of the seed
parts and an experience in detecting small
differences in staining and seed preparation.
2. Chemical tests - A chemical test developed by
the Agricultural Marketing Service of the
USDA to detect seed damage was reported by
VJaelti (1967) . In this test an indicator
solution of 100 milligrams iodoxyl acetate,
25 ml ethanol and 75 ml distilled water is
used. After immersion of the seeds in this
solution, they are exposed to ammonium
hydroxide fumes, and within a minute cracked
seeds turn blue. This method has a limited
use since it is effective only with legume
seeds.
3. Candling method - This method was used by
Thompson and Foster (1963) to detect internal
stress cracks in individual corn kernels
caused by drying and external loading of the
kernels. The apparatus consisted of a 150
watt incandescent light source enclosed in a
box below a small rectangular glass-covered
hole. The kernels were positioned over the
hole such that the embryo side was toward
the light source. They classified the
observed cracks according to their patterns
as simple and multiple cracks.
Brekke (1968), Ross and White (1971),
and Hamilton et al. (1972) used this method
to evaluate stress cracks in corn, while
Kunze and Hall (1965), Kunze and Prasad (1976),
Desikachar and Suprahmanyan (1961), and
Stermer (1968) used it to evaluate stress
cracks in rice.
4. X-ray methods - Cardwell and Crawford (1971)
employed the x-ray techniques for the detection
of internal fracturing of wheat, corn and rice.
They reported that when using x-rays in the
range of 10 to 20 kilovolts with five or fewer
niilliamperes tube current, little differences
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in the quality of the photographs were
noticed. This method was also used to a
limited degree of success for the dL^tection
of wheat (Chung and Converse, 1968, and
Milner and Shellenberger. 1953), and
cottonseed (Welch and Delouche, 1969)
internal mechanical damage and fissures.
5. Infrared photographic technique - To study
the feasibility of using infrared photo
graphic technique for grading grain, Chung
and Park (1971a) took photographs of sound
yellow corn kernels, moldy and heat-damaged
corn kernels using an infrared color film
with a yellow filter. Their results
indicated that sound yellow corn showed
white images, and damaged kernels showed
dark images in infrared color film. But
when eight different degrees of heat-damaged
corn samples were tested, the results
indicated that all colors of the images
are either yellow or yellowish green, thus
differences in damage were not possible to
detect.
6. Color sorting techniques - Electric sorting
machines are available for sorting materials
on the basis of differences in their bright
ness and for color, through the use of
appropriate light sources and photocells.
Boyd et al. (1968) used photoelectric color
sorters for sorting damaged seeds in con
junction with germination tests. They have
observed that seeds with cracked coats did
not have enough color difference in the
damaged areas to be detected by the photocell,
but when dyeing agents were used to accentuate
the damaged areas, partial success was
achieved.
Other color-sorting equipment that
separates granular materials on the basis
of differences in light reflectance properties,
is being used to a limited extent in the
rice milling industry for removing certain
forms of damaged seeds prior to packaging
(Anon., 1972). This light reflectance
technique was used by Johnson (1960, 1965)
for determining smut content in wheat and
the degree of rice milling. Parkins (1975)
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also used this technique to develop an
electro-optical sorter for sorting soil
clods from onions. However, no attempts
were made to make use of this technique
for sorting mechanically damaged grain.
Photoelectric technique
Christenbury (1975) developed this method for measuring
mechanical damage to kernels, such as corn. It included
applying a reacting solution to a sample of grain. The
solution selectively reacts with the damaged portions of
the grain; vis. the internal protein exposed when the
outer shell is penetrated or breached. The reacting
solution formed fluorescing bonds with protein. Excess
solution was washed off and the kernels were^ dried for
convenience of handling. The dried corn was ground to a
uniform fineness and spread over a predetermined area.
The sample was then exposed to ultraviolet light and the
induced fluorescence was measured. What was inherently
a three dimensional or volume phenomenon (damage) was
transposed to a two dimensional or area measurement.
The output of the measuring system was linearly related
to, and thus a measure of, the mechanical damage of the
sample.
Colorimetric technique
This technique was developed by Chowdhury (1978).
The procedure consisted of soaking mechanically damaged
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grain samples in a dye solution (Fast green FCF) that
stains the damaged tissues which are exposed, for one
minute. Then the dye was drained and the sample rinsed
under running water for 30 seconds in order to remove all
of the excess dye from the pericarp. The dyed grain
sample was then treated with a dye extracting solution
(sodium hydroxide) for one minute. The concentration of
the extracted dye solution was then measured using a
Beckman DB-G grating spectrophotometer, He found that the
concentration of the dye from the extracted dye solution
was linearly proportional to the level of mechanical
damage. He also found this technique to be indepen
dent of corn variety and moisture content. This
technique is considered one of the few methods that are
very promising in solving the problems in measuring grain
damage.
Other methods
Other methods and techniques have been proposed for
measuring mechanical damage, but most of them have been
primarily of theoretical or academic interest. They
include:
1. Carbon dioxide production method (Steele,
1967, and Ashtari et al., 1979)
2. Fat acidity test (Zeleny, 1949; and Baker
et al., 1957, 1959)
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3. Water absorption method (Chung and Park,
1971b)
4. Rheological methods (Mahmoud, 1972)
5. Colorimeter reflectance method (Wirtz,
1971)
6. Light transmittance technique (Birth,
1957, I960; and Massie and Norris, 1975).
It is clear that all the techniques employed to assess
grain damage have their advantages and drawbacks, and the
need still exists for developing more accurate and efficient
methods.
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GRINDING PARAMETERS AS A MEASURE
OF CORN MECHANICAL DAMAGE
Many definitions of mechanical ^raiu damage are
found in the literature. The most used definition
was established by the official grain standards of
the U.S. Department of Agriculture (1970). In this
system, mechanical damage in corn is defined as
broken corn and foreign material which passes readily
through a 12/64 inch round-hole sieve and all matter other
than corn which remains on top of the sieve; and is called
BCFM (broken com and foreign material). Beside physical
damage to com (i.e., small chips of I'.ernels), this
definition includes weeds, stalk parts, dirt, cob fragments
and other materials as part of the mechanical damage. The
most serious drawback of this definition is that it does rot
account for most of the grain damage, which is found in the
form of cracked, crushed, or scuffed kernels that do not
pass through the holes of the recommended sieve size.
Another important definition is that established by
the American Society of Agricultural Engineers (Agricul
tural Engineers Yearbook, 1977). According to this
definition, grain damage attributed to machines is the
percentage by weight, to the nearest one-tenth, of damaged
kemels in a sample. The society divided grain damage
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into two categories: visible grain damage and invisible
grain damage. The visible f;rnin dama.r,e consi vSt of
damaged kernels where the seed coat appears broken to the
naked eye; whereas, the invisible grain damage consists
of kernel damage which requires special instruments or
procedures for determination.
Others (Ayres et al., 1972; Mahmoud and Kline, 1972;
and Chowdhury and Buchele, 1976b) have defined mechanical
damage as fines and any kernel that is broken, chiT^ned,
scuffed or having any hair line cracks in the pericarD.
This definition does not include fissures and internal
damage to the kernel.
For the purposes of this research work mechanical
damage was considered as the total damage, both visible
and invisible, to the kernels, and was expressed as a
percentage by weight, the reason being that the level of
internal damage, which is attributed to harvest and post-
harvest operations, is just as much a quality factor as
the level of visible damage and should be determined at
the time grain quality is assessed.
This research endeavor considered the possibility
of measuring the total mechanical damage of corn using
grinding energy as a criterion. Most of the research
work, which is similar in nature to this project, was
directed towards developing breakage testers, such as the
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Stein and the Cargill to measure the extent of internal
datnage in a grain samnle (MrCiiuv. 19"'0> The^c; t eaters
provide information on the average resistance of corn
kernels to breakage when impacted at a random fashion.
This measure of breakage susceptibility was related to
the degree of stress cracking due to the field harvesting
and drying methods (Stephens and Foster, 1976), and a
good correlation was obtained between breakage of market
com due to handling and the predicted results from the
Stein tester. However, no attempts were made to use this
tester to measure mechanical damage in grain.
The assumption behind using the grinding energy,
which is required to completely grind a corn sample, to pre
dict the level of mechanical damage in corn was that, once the
com kernels are cracked, crushed, or stress cracked during
shelling, handling, drying, etc., proportionately less
energy would be required to complete the process. Therefore,
the amount of energy required to grind a corn sample would
indicate the level of mechanical damage.
Equipment and Calculations
The basic piece of equipment used was a Tai>-Heppenstall
moisture meter, serial no. 2482. Originally it was used to
determine grain moisture content through measuring the elec
trical conductivity of the grain being ground. It consists of
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three main functional parts, a motor, a reduction gear
box, and a grinding unit (Figure 2). The motor is 1/4
horsenower with a rated speed of 1725 rpm. The DOwer
from the motor to move the grinding unit is transmitted
through the gear box at a 55:1 reduction resulting in a
grinder operating speed of 32 rpm. Basically, the
grinding unit consits of two solid metal cylinders, a
driven cylinder and a cylinder with a cranking handle
(Figures 2 and 3). The driven cylinder is connected to the
gear box, and has a slightly serrated surface. The other
cylinder has more prominent serrations, and it is normally
hand operated during the moisture content reading process.
To accommodate most of the grain types, the grinding unit
has grinding clearance adaptors (Figure 4), which determine
the clearance through which a particular grain will pass
during the grinding process. On top of the two cylinders
there is a hopper that can hold up to 300-gram samples.
During the preliminary tests of this machine it was
felt that some modifications were necessary in order to
prepare it for the grinding tests intended for this
study. The first modifications concerned the cranking
mechanism. It was observed during hand-crankinr^,
there was slippage during which no grinding of corn
occurred; and that the grinding time depends on the cranking
speed. Since it was very difficult to control the cranking
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Figure 2. The original Tag-Heppenstall moisture meter
Figure 3. Top view of the grinding unit
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speed, the cranking handle was removed and replaced
with two identical spur gears. One of the gears was
fitted in place of the handle, and the other fitted
on the driven cylinder in such a way that the second
gear, while rotating with the cylinder in an counterclock
wise fashion, would drive the gear in place of the
handle in a clockwise direction, as shown in Figure 5,
thus eliminating human judgement from the process of
grinding. The second modification involved the clearance
adaptors. It was observed that when using the clearance
adaptors for com, the grinding was not complete especially
of the small kernels which passed undamaged. So, in order
to guarantee the complete grinding of the corn sample,
other adaptors were tested and best results were obtained
when using the large soybean, serial no. 2014, adaptors.
The input power to the grinding motor was measured
with a General Electric portable induction test meter,
with a calibration constant of 0.6 watt-hour per meter
revolution (Figure 6). This was the only available
recording watt-hour meter. Its function was to record
the number of revolutions of the watt-hour meter at the
instant when grinding was stopped, so that input power to
the motor could be calculated.
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Figure A. Grinding clearance adaptors
Figure 5. The modified Tag-Heppenstall moisture meter
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Figure 6. The recording watt meter
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Determination of motor characteristics
To calculate the grinding energy, it was necessary
to find the characteristic equation for the motor that
describes the relationship between input power to the
motor and the output power from the motor to drive the
grinding unit. The motor was separated from the grinding
unit, and then attached to a GO-Power, Model ^^D-8D
dynamometer, as shown in Figure 7. A single phase
wattmeter (Yokagawa Electric Works, LTD) was used to
directly measure the input power to the motor. The
dynamometer was set at different loads, and the input
power in watts, and the speed of the motor in rpm were
recorded for each load. The speed of the motor for each
load was measured by a photo tachometer, shown in Figure
8 (Abbeon Cal, Inc., Model AB74). The output power from
the motor was then calculated using the equation:
Output Power, Watts = aoad. lbs) (RPM) (746 Watts)
(10,000^™'^ ^) ^
where, 10,000 RPM-lb/hp is the.dynamometer constant.
The recorded and calculated data are listed in Table A1,
Appendix A.
A least-square linear regression procedure, using
the statistical analysis system (SAS) at the Iowa State
Figure 7. Equipment used for calibrating the motor of the
grinder
Figure 8. Photo tachometer used for measuring the motor
speed
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University computational center, resulted in the following
linear relationship between the power output and power
input for the motor:
Output Power, Watts = -65.508 + 0.649 (Input Power, Watts)
(2)
2
The correlation coefficient (R ) for this linear fit
was 0.994. Figure 9 shows the linear relationship between
power input and power output.
Equation (2) measured the total output power from
the motor to the grinder, and in order to calculate the
grinding energy for the corn samples the power to drive
the empty grinder was determined. This was done by
replacing the motor back in its place, and connecting
the recording watt-meter to its terminals. For each ten-
second run of the empty grinder, the number of revolutions
of the recording watt-meter was obtained, as shown in
Table A2, Appendix A. The input power to drive the empty
grinder was then calculated using the following equation:
Input Power, Watts = 0.6Wh #Rev 3600 Sec
Rev #Sec hr (3)
The input power was found to be 221.94 watts. Then the
actual output power from the motor to drive the empty
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0 = -65.508 + 0. 649
(R^=0.99a)
300 400
INPUT POWER (WATTS)
500 600
Figure 9. The relationship between power input and power
output for the grinder motor
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grinder was calculated using equation (2), and the result
was 78.53 watts. Therefore, to obtain the power needed
to grind the corn samples, equation (2) was modified as
follows;
Power to
material, = [-65.503+ 0.649 (Input Power, Watts)] - 78.53
Watts
= -144.038 + 0.649 (Input Power, Watts) (4)
Then, the energy applied to the material during the
grinding process, in joules per gram, could be calculated
as follows:
Enersy"^ = (Power to Material. Watts)(#Sec)
j/gm (Mass, gm)
where the mass of the ground material was on a wet basis.
Equation (5) was the characteristic equation used
to determine the grinding energy in all of the experiments
conducted in this research work.
Factors Affecting Grinding Energy
Many factors, other than the level of mechanical
damage, were believed to have an effect on the outcome
of the experiments, mainly due to the physical variations
encountered in a corn sample. In a study of the general
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relationship between com properties and kernel damage,
Waelti (1968) reported that kernel damage increased
significantly with increasing kernel moisture content,
and that although all varieties had the same trend
regarding kernel damage, some of the varieties were
more susceptible to damage than others. Variations in
kernel moisture content were considered to be the most
influential factor. Thus, it was felt that variety
differences, moisture content variations, and kernel
size differences have to be tested to determine their
influence on grinding energy.
Also, to evaluate the relationship between grinding
energy and the degree of mechanical damage in corn, two
types of grinding procedures were tested; namely, complete
grinding and partial grinding. For the complete grinding
method a corn sample of known weight was ground completely,
while for partial grinding the grinding process was
stopped after a specified period of time, allowing only
part of the com sample to be ground.
Complete Grinding Method
In developing a method to measure mechanical damage
in grain, one of the primary requirements is that the
method must account for every damaged kernel in the
tested samples. Using the complete grinding method the
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contribution of every kernel, whether sound or damaged,
in determining the amount of spent energy is accounted
for since the energy to grind the whole sample is
determined.
To evaluate the relationship between grinding energy
and com mechanical damage, using this method, three
independent factors were tested, damage level, variety,
and moisture content.
Three corn varieties, Trojan 113, Pioneer 3780,
and Pioneer 3529, were used. Ears of the corn
varieties Trojan 113 and Pioneer 3529 were brought from
a local farm and were the produce of 1979 season. Ears
of the corn variety Pioneer 3780 were brought from the
Agronomy-Agricultural Engineering Research Center of
Iowa State University, and were also the produce of 1979
season. The initial moisture content of these varieties
ranged between 12.6 and 15.2 per cent. To eliminate
any possibility of stress crack formation or kernel damage,
the ears of corn from all the three varieties were hand
shelled.
The sound kernels from each variety were divided
into two portions. One portion was to be used as the
landamaged part of the corn samples, while the other
portion was to be used to produce the damaged portion of
those samples. Because of the difficulties in obtaining
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enough damaged corn for the experiments from combine
harvested corn, the grinder was used to simulate the
process of mechanical damage that normally is inflicted
upon the corn kernels during the shelling operation.
Since mechanical damage occurs on a continuous scale from
hairline cracks to complete destruction of the kernel,
some preliminary tests were carried out to investigate
the use of the grinder to produce representative damage
kernels. Those tests have shown that it was possible to
produce mechanically damaged corn similar to that from
field shelling operations if the grinding was done with
no clearance adaptors attached to the grinding unit, i.e.,
if the grinding clearance was at its widest opening, and
the corn moisture content was around 14 per cent. So,
enough sound kernels from each variety, at 14 per cent
moisture content, were damaged using the grinder to
produce the required amount of damaged corn for the
experiments. The damaged corn from each variety was
collected and then visually inspected to remove any
kernels that might have escaped damage. To determine
the nature of damage that was inflicted upon the corn
kernels, representative samples from the damaged corn
were again visually inspected, and according to the
severity of damage divided into four main categories.
The categories were:
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1. Fines - broken corn and fine material
that readily passed through a 12/64 inch
round-hole sieve (Figure 10a).
2. Severe damage - broken, chipped and
crushed kernels (more than 1/3 of the
whole kernel missing) (Figure 10b).
3. Major damage - kernels with open cracks
and severe pericarp damage (Figure 10c).
4. Minor damage - kernels with hairline
cracks, spots of pericarp missing, and
internal damage (Figure lOd).
The results from the damage process were comparable
to reported combine-shelling damage data (Chowdhury,
1978), and were considered as representative of the usual
damage that occurs during combine shelling operations.
The damaged corn was then used to prepare samples with
damage levels at 10, 20, 30, and 40 per cent by weight,
besides a 0 per cent damage level that was formed from
sound hand-shelled corn.
Generally, moisture content of harvested corn
varies from 18 to 30 per cent, and after drying it varies
from 12 to 15 per cent. For the purpose of varying the
moisture content, and because the initial moisture content
of the corn was around 14 per cent, the hand-shelled
sound kernels were rewetted to produce four levels of
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Figure 10a. Fines
Figure 10b. Severe damage
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Figure 10c. Major damage
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Figure lOd. Minor damage
Figure lOe. Sound kernels
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moisture content; 14, 17, 20. and 23 per cent.
To obtain a certain level of moisture content the sound
corn was soaked in water for an appropriate period of
time, then spread over paper under natural ventilation
and room temperature where it was left to slowly approach
the desired level of moisture content. The moisture
content level was measured using a DICKEY-John GAC II
grain analysis computer, shown in Figure 11. As for the
moisture content of the damaged corn, it was raised by
spraying a predetermined amount of water on it. Heat
drying after rewetting the corn was avoided because of
the possibility of stress crack formation.
After the initial preparation of corn, 200-gram
samples were prepared. To produce a sample with a
certain level of mechanical damage and at a specific
moisture content, damaged and sound corn at the same
moisture content were added together, on a wet weight
percentage basis, using a Boerner grain divider (Figure
12). Four replicates of each sample were prepared for
the three corn varieties. Thus for each variety there
were 4 x 5 x 4 = 80 samples, and a total of 240 200-gram
samples for the three varieties.
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Figure 11. DICKEY-john GAC II grain analysis computer
_L-
Figure 12. Boerner grain divider
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Procedure
Since the grinding process of the samples was
destructive in nature, and because two other corn damage
evaluation methods were planned for comparison purposes
with the grinding energy, it was necessary to do the
comparison tests first.
The USDA grain standards method (USDA, 1970 and
1972) and the numerical damage index method (Chowdhury
and Buchele, 1976a) were selected because they do not
disturb the composition of the prepared samples in any
way. Four samples from each damage level for each corn
variety were selected at random. The samples were
sieved using a 12/64 round-hole Seedburo sieve (Figure
13), and the material collected in the pan was weighed
as fines using a Seedburo model 8800 computer scale
(Figure 13). The corn left on top of the sieve was then
visually inspected and divided into four categories
according to the severity of damage, namely severe
damage, major damage, minor damage, and whole kernels.
The different categories were then weighed and the
percentage of each category, including the fines, was
calculated as follows:
d - ^ X100
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where
d - per cent of each category
w = mass of the category fraction (gm)
W = mass of the whole sample (gm)
The percentage of each category was then used to
calculate the damage index using the following equation:
Damage lOd. + 10d« + 6do + 2d, + Idc
Index, - i^^3^ (7)
D.X. 10
where d^^, d2, d^, d^, and d^ were the per cent mass
of the fines, severe damage, major damage, minor damage^
and whole kernels respectively. The constants (10, 6,
2, and 1) in the numerator were multiplying factors
based on standard germination tests.
D.I. = 10 when the whole sample consisted of
sound kernels
D.I. = 100 when the whole sample consisted of
fines and severe damage
The Fast green FCF dye, since it involves soaking
a com sample in solution which alters its moisture
content, was not used as an aid in the visual evaluation
of damage. The results from these comparison tests are
shown in Appendix B, Table Bl.
To conduct the complete grinding method, the prepared
samples from the three varieties were arranged as a
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factorial experiment with damage level, variety, and
moisture content as the independent variables and the
grinding energy as the dependent variable.
After preparing the grinding machine, as shown
in Figure 14, the following procedure for completely
grinding the samples was used. After pouring the
sample into the hopper, the grinder was started and
simultaneously a stopwatch was activated to measure the
time necessary to grind the whole sample. During the
grinding process the sample was agitated by moving a piece
of thin cardboard up and down into the sample. This was
to prevent slippage, which was observed during the
preliminary tests of this machine. During the period when
slippage occurred, and despite the fact that the grinding
cylinders were rotating, no grinding was done. This
phenomenon was observed to be more severe when the corn
moisture content was 14 per cent. It was believed that
the main cause of slippage was the coating of the
cylinders with the fine particles of corn dust resulting
from the grinding process, causing the kernels to slide
over the surfaces of the cylinders rather than be gripped
and pulled through by the cylinder serrations. In fact,
due to this problem some sample results were discarded,
and newly prepared samples were used instead. When the
sample was ground completely, the grinder and the stopwatch
Figure 13.
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E
Top: Left to right: Seedburo computer scale,
12/64 inch Seedburo sieve. Bottom: Left to
right: Stopwatch, pieces of cardboard
Figure 14. The complete set up for the grinder
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were switched-off simultaneously. The number of wattmeter
revolutions and the time in seconds required for prindin^^
were recorded, and the grinding energy calculated, as
listed in Appendix B, Table B2.
The ground material from the four sample replicates
of each damage level and moisture content were combined
together and stored in plastic bags for further analysis.
Effect of kernel size on grinding energy
Kernel size was considered a variable that might
affect grinding energy, since it varies widely not only
among different corn varieties, but also within the same
com variety. In order to evaluate the effect of kernel
size on grinding energy, kernels from the corn variety
Trojan 113 were used. Since all the corn from Pioneer 3780
and Pioneer 3529 was used for preparing the samples used
in both the complete and partial grinding method, this
experiment was conducted using only Trojan 113. Sound
kernels were visually inspected and then separated into tv7o
main categories according to size: small and large. Four
samples from each kernel size, at 14 per cent moisture
content, were prepared. Each sample was completely ground,
and the watt meter revolutions and grinding time were
recorded. Then the grinding energy for each size category
was calculated, as shown in Appendix B, Table B3.
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Sieve analysis
A sieve analysis was run on the ground corn from the
three varieties for each of the five damage levels at each
of the four moisture contents to determine whether the
material from each moisture content level was being ground
to the same fineness. Ideally, ground corn from each
moisture content level should be at the same fineness
regardless of the damage level or variety differences for
accurate comparisons of grinding energy. The sieve analysis
was T)erformed according to the ASAE Recommendation No.
R246.1 (Agricultural Engineers Yearbook, 1968). As
mentioned before, the ground corn from the four replicates
of each treatment combination was combined together, and
the sieve analysis was carried out on the new samples thus
formed, as opposed to the procedure outlined in the ASAE
recommendation whereby 250 gram representative portions
from the ground material are used. This was done to ensure
actual measurement of the texture of the end product from
the grinding process instead of relying on representative
samples. The sieving was done by using a Tyler sieve set
consisting of 3/8, 4, 8. 14, 23, 48, and 100 mesh screens
(Figure 15), and a Strand model P sieve shaker (Figure 16)
Each sample was sieved for 5 minutes, and the ground com
remaining on each of the seven screens weighed. Then the
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c
Figure 15. Tyler sieve set
Figure 16. Strand model P sieve shaker
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modulus of uniformity and the modulus of fineness were
calculated as shown in Appendix B, Table B4.
Results and discussion
To analyze the results from the factorial experiment
for complete grinding, the statistical analysis system
(SAS) at the Iowa State Computational center was used for
the analysis of variance of the following model:
GE = y+(MC)^+(DL) .+(riC''-DL)^.+(VTY)j^+(MC''^ VTY)^p.+
(DL^VTY) j (MC^DLmY) ^ (E) ^
where
GE = grinding energy in joule/gram
u = overall mean
MC = moisture content in per cent wet basis
DL = damage level in percent by weight
VTY = com variety
E = error
The analysis of variance for the grinding energy,
shown in Table 2, indicated that the three main factors
tested have a highly significant (at the 1% level)
influence on the grinding energy. The two-way interactions
(MC '^DL and DL^VTY) , and the three-way interaction
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Table 2. Analysis of variance for grinding energy from
comr>lete grinding method
Source DF
Sum of
Squares F Prob > F
MC 3 54,.837 419,.22 0.. 0001^^^
DL 4 87,.490 501,.63 0,.0001^*
MC*DL 12 7,.777 14,.86 0,.0001^-*
VTY 2 2..029 23.,27 0.,0001**
MG^VTY 6 0.,268 1.,02 0.,4113
DL*VTY 8 0.,968 2. 78 0. 0064**
MC*DL*VTY 24 2.,057 1. 97 0. 0069**
Residual 180 7. 348
Corrected Total 289 163. 275
''^^Significant at 1% level.
(MC'^ DL'^ VTY) were also found to be highly significant.
Significance of the three-way interaction indicates that
corn variety did not act independently, but its influence
on grinding energy depended on damage level and kernel
moisture content. The two-way interaction (MC^VTY) was
insignificant. The correlation coefficient was 0.952,
and the coefficient of variation was 9.069.
The effect of damage level and kernel moisture content
on grinding energy obtained by the complete grinding method
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for the corn variety Trojan 113 is shown in Figure 17.
Generally, grinding energy decreased with increasing damage
level and increasing moisture content. Since the part of
the sample which is composed of damaged com is already
partly ground, then as the damage level increases less
energy is required for grinding. The effect of moisture
content on grinding energy is attributed to the fact that
kernel susceptibility to damage increases with increasing
moisture content (Burrough and Harbage, (1953) and Morrison
(1955)). As moisture content increases, kernel pericarp
and inner tissues become softer and their ability to resist
crushing decreases appreciably. Thus, they require less
energy to grind.
On the average, grinding energy ranged between 3.6
joule/gra for sound kernels and 1.55 joule/gm at 40 per cent
damage for Trojan 113 at 14 per cent moisture content.
It was observed that energy requirements increased at 10
per cent damage level then dropped sharply at 20 per cent
damage level. The cause of the inconsistency in the
results obtained was attributed mainly to the problem of
slippage. VJhen grinding very low moisture corn it was
observed that the percentage of fines tends to increase
substantially as compared with corn at 20 and 23 per cent
moisture content. The fine material produced consisted
mainly of powdery meal. This powdery material adheres to
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Corn Variety Trojan 113
O O T4% Moisture Content
# -# 17% Moisture Content
Q 20% Moisture Content
B 23% Moisture Content
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DAMAGE LEVEL (PERCENT WEIGHT)
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The effect of damage level and moisture content
on the grinding energy from complete grindin:^;
for corn variety Trojan 113
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the surface of the two grinding cylinders making them very
slippery, and this caust?s the corn korncis to slide diiJ
bounce instead of passing between the grinding cylinder.
When slippage occurs, the immediate result is an increase
in the number of watt meter revolutions and the time
required for complete grinding, and subsequently, an increase
in the calculated values of grinding energy. During the
preliminary testing of the grinder, many attempts were made
to lessen this slippage through applying a little pressure
on the kernels. Although this was successful at 20 and
23 per cent moisture content, it improved the grinder
performance slightly, but still slippage occurred when
grinding corn at both 14 and 17 per cent moisture content.
Another problem which was also encountered at both the low
moisture content levels was the large variations in
grinding energy within the replicates from the same treat
ment combination. This was also attributed to the problem
of slippage.
The results at 20 and 23 per cent moisture content
were more consistent, and the grinding process was much
smoother. Grinding energy decreased with increasing damage
level, but at a lesser rate than that observed at 14 and
17 per cent moisture contents.
The results for Pioneer 3780 and Pioneer 3529 are
shown in Figures 10 and 19, respectively. The results for
<
a:
o
LU
D
O
>-
o
114
Z
111
o
z
Q
z
E
o
Figure 18.
Ik
Corn Variety Pioneer 3730
O O m% Moisture Content
•———• 17% Moisture Content
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The effect of damage level and moisture content
on grinding energy from complete grinding for
corn variety Pioneer 3700
Figure 19.
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#— • 17% Moisture Content
• • 20% Moisture Content
23% Moisture Content
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The effect of damage level and moisture content
on grinding energy from complete grinding for
com variety Pioneer 3529
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Pioneer 3529 were observed to follow closely the trend of
the results for Trojan 113. On the other hand, the
grinding energy for Pioneer 3780 was found to be more than
for the other two varieties at every moisture content
level. This indicates that Pioneer 3780 was more difficult
to grind than the other two varieties, and this has ac
counted for the significance of the variety factor in the
statistical model discussed before. Also, the problems
previously mentioned were encountered during the grinding
process of these two varieties.
To investigate the extent of the linearity of the
relationship between grinding energy and damage level,
the general linear model procedure was used for each
variety at each of the four moisture content levels. The
results are shown in Table 3. The correlation coefficient
was found to be higher for both 20 and 23 per cent moisture
content. This indicates that better results were obtained
at those high moisture content levels. The minimum cor
relation coefficient was 0.7763 for Trojan 113 at 17 per
cent moisture content, and the maximum was 0.9477 for
Pioneer 3780 at 23 per cent moisture content. The coef
ficient of variation varied also with moisture content.
It was higher at both 14 and 17 per cent moisture contents
as compared to 20 and 23 per cent. This verifies the
variations in the results obtained from corn samples at
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Table 3» Relationships between grinding energy and damage
level from complete grinding at different
moisture contents
Relation between
Corn MC grinding energy
variety (%)^ and damage level
Coefficient Correlation
of variation coefficient
(%) (R2)
Troj an
113 14 GE=4. 0620-0. 0594 DL 13. 957 0. 8299
17 GE=3. 1765-0. 0416 DL 14. 186 0. 7763
20 GE=2. 6020-0. 0337 DL 8. 341 0. 9072
23 GE-2. 2390-0. 0294 DL 8. 637 0. 9045
Pioneer
3780 14 GE=4. 3410-0. 0592 DL 9. 091 0. 9043
17 GE=3. 3435-0. 0400 DL 10. 793 0. 8246
20 GE-2. 7600-0. 0324 DL 8. 071 0. 8893
23 GE=2. 5990-0. 0361 DL 6. 738 0. 9477
Pioneer
3529 14 GE=4. 1900-0. 0605 DL 10. 900 0. 8854
17 GE=3. 2900-0. 0426 DL 12. 615 0. 8098
20 GE=2. 8580-0. 0390 DL 8. 971 0. 9068
23 GE«2. 3715-0. 0362 DL 9. 653 0. 9201
Moisture content (%WB).
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low moisture content. Thus, in order to evaluate mechanical
damage using this method, it is more reliable to use corn
samples at either 20 or 23 per cent moisture content,
since the grinding process was more efficient and the
results were more consistent.
Figure 20 shows the relationship between the comparison
tests, i.e., damage index and USDA grading standards, and
the actual damage level. The damage index was about the
same for the three varieties at each of the five damage
levels. This indicates that using the grinder to prepare
the damaged com was successful in producing representative
types of mechanical damage that are proportionately the
same for the three corn varieties. Although damage index
takes into account all the damaged kernels as v/ell as the
severity of damage to individual kernels, its estimation
of mechanical damage is always lower than the actual damage
(Chowdhury, 1978). It was observed that damage index
increased with increasing damage level but at a slox'/er
rate as compared with total damage curve, and the estimate
of damage became progressively lower than the actual total
damage as damage level increased. Since the damage index
method depends primarily on human judgement, the reliability
of the results is questionable (Schmidt et al. (1968) and
Hukill (1968)). The USDA official grain standards, vjhich
define mechanical damage to corn as the per cent by weight
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of the material that will readily pass through a 12/64
inch round hole sieve, is represented in Figure 20 by
the USDA damage level line. The damage levels obtained
using this method were extremely low compared to the
actual damage values. Using these results in a relative
sense as a measure of the total mechanical damage implies
that there is a correlation between measured fines and
total damage, and this has not yet been proven in the
literature. In fact, only a small fraction of the total
mechanically damaged kernels is accounted for by the
present USDA grading system. From the results thus far
obtained, grinding energy appears to give more accurate
evaluation of the damage level than both damage index and
the USDA grading system.
The results from the sieve analysis are shown in
Appendix B, Table B4. The modulus of uniformity, which is
a measure of the uniformity of ground particles in a
sample, was found to be essentially the same for the three
corn varieties at each moisture content level. By defini
tion, the modulus of uniformity is a three-figure expression
representing the coarse, medium, and fine particles in a
ground material. On the average, it was 8:2:0, 9:1:0,
9:1:0, and 10:1:0 at 14, 17, 20, and 23 per cent moisture
content respectively. The results indicate that corn was
uniformly ground at each moisture content irrespective of
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corn variety and damage level. Figure 21 shows the effect
of moisture content on the modulus of fineness for the
three corn varieties. The modulus of fineness increased
with increasing moisture content, and this indicates that
the end product of the grinding process became progres
sively coarser in texture with increasing moisture content
As the moisture content increased, it was observed that
most of the kernels tend to be flattened during the
grinding process instead of breaking into small pieces,
and this accounted for the increasing coarseness of the
ground com, as shown in Figures 22, 23, 24, and 25. On
the average the modulus of fineness increased from 5.13
at 14 per cent moisture content to 5.95 at 23 per cent
moisture content. Thus, the possibility of major errors
in inaccurate grinding energies due to the samples being
ground to different textures was ruled out.
The results from the limited experiment on the effect
of kernel size on grinding energy are shown in Appendix B,
Table B3. Because all the available corn from the two
Pioneer varieties was used for the partial and complete
grinding experiments, only Trojan 113 was tested. The
test was carried out only on sound kernels since damage
effect was already incorporated in the two main factorial
experiments. From these results it was observed that
kernel size has no substantial effect on grinding energy,
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•O Corn Variety Trojan 113
• S Corn Variety Pioneer 3780
D~—a Corn Variety Pioneer 3529
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Figure 21. The relationship betv/een kernel moisture
content and modulus of fineness for the
three corn varieties
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Figure 22. Ground material from corn at a 14 per cent
moisture content
Figure 23. Ground material from corn at a 17 per cent
moisture content
Figure 24.
Figure 24.
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Ground material from corn at 20 per cent
moisture content
Ground material from com at 23 per cent
moisture content
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at least for the corn variety Trojan 113. The results
obtained were thus considered inconclusive. Further
studies on the effect of kernel size and shape are
essential due to the large variations in kernel size and
shape found between different corn varieties, and even
within the same corn variety.
Partial Grinding Method
This method involves the grinding of a corn sample
for a specified period of time. This method is based on
measuring the ground material from a fixed energy input.
The assumption made was that as damage increases the amount
of ground corn increases proportionately, so that grinding,
energy per gram of corn decreases with increasing damage
level. The dependence of the grinding energy on the grindirg
time is a major factor as determined by equation (5).
Thus, it was thought that controlling the grinding time
might cause improvement in the results as compared to the
results from the complete grinding method where the timing
of the end of the grinding process was subject to human
Judgement and error.
In using this partial grinding method two grinding
parameters were tested, namely grinding energy and grinding
rate.
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The com varieties used were the same as those used
in the complete grinding method. Also, the moisture
content and damage levels were the same. The
only difference between the two methods during the pre
liminary preparations was the sample size. Since the
intention was focused on running the grinding process for
10 seconds for the partial grinding method, and because
most of the 200-gram samples at 40 per cent damage level
in the previous experiment were completely ground after
about 10 seconds, the sample size was increased to 300
grams to allow partial grinding to occur at all damage and
moisture content levels.
Therefore, 300-gram samples at 5 damage levels and
4 moisture content levels were prepared from the three
corn varieties. For each treatment combination four
replicates were prepared. The total number of samples
used in the factorial experiment was 240 samples.
Procedure
The experiments for this method v/ere started by
conducting the same comparison test outlined for the
complete grinding method. Four samples from each damage
level for each of the three corn varieties were randomly
selected, then sieved using a 12/64 inch round hole
Seedburo sieve, and the material collected in the pan
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was weighed as fines. The remainder of each sample was
then visually separated into four damage categories as
severe damage, major damage, minor damage, and whole sound
kernels. Each category was weighed and the percentage of
each calculated. The damage index was then calculated
using equation (7). The results from these comparison
tests are shown in Appendix C, Table Cl. Then, as with
complete grinding, the 240 samples were arranged as a
factorial experiment with moisture content, damage level,
and variety as the independent variables, and grinding
energy and grinding rate as the dependent variables.
The following procedure was used:
1. Pour the sample into the grind hopper.
2. Start the grinder and at the same instant
start the stopwatch.
3. During the grinding process agitate the corn
kernels with a thin piece of cardboard to
prevent slippage.
4. Continue the grinding process for 10 seconds,
then stop the grinder.
5. Record the watt meter revolutions and the mass
of the ground com,
6. Repeat steps 1 through 5 for each sample.
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Results and discussion
The recorded and calculated data from the partial
grinding method are shown in Appendix C, Table C2.
Grinding energy The analysis of variance for the
grinding energy factorial experiment is shown in Table 4.
Table 4. Analysis of variance for grinding energy from
partial grinding
Source DF
Sum of
squares F Prob > F
MC 3 5.150 450.03 0.0001^^^
DL 4 3.685 241.54 0.0001^"'^
MC^DL 12 0.176 3.85 0.0001*^
VTY 2 0.155 20.31 0.0001^^
MC^VTY 6 0.317 13.84 0.0001**
DL^VTY 8 0.120 3.92 0.0003**
MC*DL*VTY 24 0.234 2.56 0.0002**
Residual 180 0.687
Corrected total 239 10.524
**Significant at U level.
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All the main factors and interactions were found to be
highly significant (at the 1% level). The two-way inter
action (MC^VTY), which was insignificant in the previous
experiment, was found to be highly significant using the
partial grinding method. The correlation coefficient
(0.935) was slightly lower than that obtained from complete
grinding, while the coefficient of variation (4.566) was
much lower.
Figures 26, 27, and 28 show the effect of damage
level and moisture content on grinding energy for Trojan
113, Pioneer 3780, and Pioneer 3529 respectively. It was
observed that the grinding energy values were approximately
half those obtained from the complete grinding method.
This was believed to be due mainly to two factors. First,
in complete grinding the timing of the end of the grinding
process was measured after all the kernels were ground,
and since the last few kernels were observed to take more
time in the grinding process, too much time and watt meter
revolutions were recorded and consequently much higher
grinding energy values were calculated. Secondly, the
added sample weight in partial grinding improved the
grinding process since the kernels of corn were pressed
by the weight of the kernels at the top to the grinding
cylinders and were forced to be ground with far less
slippage. Nevertheless, the relationship between grinding
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energy and damage level at the four moisture content levels
was found to be similar in nature to that obtained from
complete grinding. Also, it was observed that the same
problems encountered earlier occurred during this experiment
but at a lesser frequency. Because the period allowed for
the grinding process was controlled, it was believed that
the results from partial grinding were more representative
of the actual grinding energy values.
Table 5 shows the nature of the relationships between
grinding energy and damage level at each moisture content
level as obtained by the general linear model procedure.
Generally, there was an improvement in the coefficient of
variation, indicating that this method was more accurate
in predicting damage level by using grinding energy as an
indicator. It was also observed that the correlation
coefficients for Trojan 113 and Pioneer 3529 at 14 per
cent moisture content were extremely low, and this was
attributed to the problem of slippage discussed earlier.
More consistent results were obtained at both 20 and 23
per cent moisture content levels.
Grinding rate The analysis of variance for the
grinding rate factorial experiment is shown in Table 6.
All the main factors and interactions, except the two-way
interaction (DL^VTY) which was significant at the 57,
level, were found to be highly significant. The
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Table 5. Relationships between grinding energy and damage
level from partial grinding at different moisture
contents
Corn MC
'»/\a
Relation between
grinding energy
and damage level
Coefficient Correlation
of variation coefficient
(R2)
Troj an
113 14 GE=1. 6670-0. 0086 DL 8. 779 0. 4801.
17 GE=1. 6460-0. 0093 DL 3. 084 0. 9036
20 GE=1. 4385-0. 0087 DL 2. 823 0. 9296
23 GE=1. 3265-0. 0074 DL 2. 841 0. 9145
Pioneer
3780 14 GE=1. 9885-0. 0159 DL 8. 879 0. 8102
17 GE=1. 6130-0. 0093 DL 3. 759 0. 8284
20 GE=1. 4275-0. 0088 DL 2, 670 0. 9391
23 GE-1. 3375-0. 0074 DL 3. 843 0. 8525
Pioneer
3529 14 GE=1. 6225-0. 0059 DL 8. 195 0. 4733
17 GE=1. 5265-0. 0077 DL 3. 993 0. 8155
20 GE-1. 4155-0. 0088 DL 3. 802 0. 8851
23 GE=1. 3075-0. 0066 DL 2. 761 0. 9026
Moisture content (7o\TB).
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Table 6. Analysis of variance for grinding rate
Source DF
Slim of
squares F Prob > F
MC 3 67491.502 1117. 47 O.OOOl*''^
DL k 51833.377 643. 66 0.0001^*
MC*DL 12 1269.160 5. 25 0.0001^'^
VTY 2 1048.980 26. 05 0.0001^^
MC^VTY 6 2084.685 17. 26 0.0001^^
DL^VTY 8 359.570 2. 23 0.0270*
MC^DL'tVTY 24 1106.661 2. 29 0.0011**
Residual 180 3623.793
Corrected total 239 128817.728
^Significant at 5% level.
^^Significant at 1% level.
correlation coefficient (0.972) and the coefficient
of variation (2.757) were much better than those obtained
for grinding energy. This indicates that the grinding
rate was probably more accurate in predicting damage
levels in corn than both the grinding energy methods.
This could be attributed to the fact that grinding rate
method does not involve measuring electric power or any
complex calculations.
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Figures 29, 30, and 31 show the effect of damage level
and moisture content on grinding rate for the three com
varieties. The grinding rate increased with increasing
damage level and with increasing moisture content. From
Figure 29, it was observed that the grinding rate was
almost the same at 14 and 17 per cent moisture content
for 10, 20, and 30 per cent damage levels for Trojan 113.
This was probably due to experimental errors.
The nature of the relationships between grinding
rate and damage level at different moisture content levels
is shown in Table 7. It was found that the correlation
coefficients and coefficients of variation at both 20 and
23 per cent moisture content were much better than those
obtained for the grinding energy. It was thus clear that
grinding rate was a better method.
Comparison tests The results from the comparison
tests are shown in Figure 32. Although the sample size
was different, the relationship between damage index and
the total damage was almost the same as that obtained from
the 200 gram samples. This was also true for the relation
ship between the USDA damage level line and the total
damage line. Thus, grinding energy from partial grinding
and grinding rate are much better methods in evaluating
com damage than both damage index and the USDA grading
system.
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Table 7. Relationships between grinding rate and damage
level at different moisture contents
Relation between
Com MC grinding rate and
variety (%) damage level
Coefficient Correlation
of varia- coefficient
tion (7o) (r2)
Troj an
113 14 GR=129..9900+0.,8508 DL 1,.761 0,.9600
17 GR=136.,7550+0. 7806 DL 4,.300 0.,7593
20 GR=148..0450+1. 1745 DL 2,.499 0,.9434
23 GR=160.,9400+1.,1335 DL 2.,425 0.,9351
Pioneer
3780 14 GR=104. 6900+1. 3273 DL 4.,243 0. 9266
17 GR=131. 9150+0. 9990 DL 3. 500 0. 8870
20 GR-149. 2800+1. 2088 DL 2. 403 0. 9492
23 GR=162. 6350+1. 0170 DL 2. 442 0. 9201
Pioneer
3529 14 GR=128. 4550+0. 7358 DL 2. 271 0. 9192
17 GR=136. 5550+1. 0128 DL 3. 926 0. 8574
20 GR=151. 1300+1. 1920 DL 2. 745 0. 9319
23 GR=163. 6850+1. 0263 DL 2. 598 0. 9109
^loisture content (%WB) .
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CONCLUSIONS
Complete Grinding Method
1. The energy required to completely grind small corn
samples of different mechanical damage levels and at
different moisture contents for three corn varieties was
obtained using a Tag-Reppenstall moisture meter grinding
unit.
2. Grinding energy was significantly affected by
three main factors, namely, kernel moisture content,
mechanical damage level, and com variety. It decreased
with increasing moisture content, and also with increasing
damage level. Grinding energy was more linearly correlated
with damage level at moisture contents of 20 and 23 per
cent, as compared to the lower moisture content levels.
At both 14 and 17 per cent moisture contents the results
V7ere erratic and have wide variations, and this was mainly
caused by the problem of slippage.
3. Of the three corn varieties tested. Pioneer 3780
required more grinding energy than the other two corn
varieties.
4. Kernel size did not affect grinding energy.
This factor was tested using only one corn variety (Trojan
113), and two categories of size classifications (small
and large). The results were assumed inconclusive.
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5. Sieve analysis of the ground corn samples indicated
that the grinder had successfully ground the corn samples,
at a given moisture content level, to a uniform final
texture. The modulus of fineness for the three corn
varieties was practically the same at each moisture
content level irrespective of the damage level.
6. None of the tx-yo comparison tests, i.e., damage
index and USDA grading system, came close to predicting
the actual damage level. Damage index responded more to
changes in damage level but it always underestimated the
value for the actual damage level.
Partial Grinding Method
1. Grinding energy was significantly affected by
moisture content, damage level, and corn variety differences.
It decreased with increasing moisture content and damage
level. The corn variety Pioneer 3780 was more difficult
to grind as indicated by the higher grinding energy values,
compared to the other two corn varieties.
2. Grinding energy values obtained using the complete
grinding method were twice as much as the values from the
partial grinding method. This was attributed to the
problems of controlling the timing for the end of the
grinding process, and slippage.
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3. At 20 and 23 per cent moisture content, the
relationship between grinding energy and damage level had
the best correlation coefficients and the least coeffi
cients of variations, compared to the results from the
complete grinding method.
4. Grinding rate was also affected by moisture
content, damage level, and corn variety differences. It
increased with increasing moisture content, and increasing
damage level. Pioneer 3780 had lesser grinding rates
compared to the other two corn varieties.
5. The best correlation coefficients and the least
coefficients of variation were obtained from grinding
rate, at 20 and 23 per cent moisture content.
6. Comparison tests gave the same results as V7ith
complete grinding method, and this indicated that both
damage index and the USDA grading system were not affected
by the sample size used.
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SUMMARY
To investigate the possibilities of using grinding
energy and grinding rate to predict mechanical damage
in corn, equipment suitable for grinding small samples
and measuring the grinding energy was set up and tested.
Two grinding methods were used: complete grinding and
partial grinding. The procedure used for the complete
grinding method consisted of grinding 200-gram samples
completely, and measuring grinding time and number of watt
meter revolutions to calculate the grinding energy. On
the other hand, partial grinding method involved grinding
300-gram samples for 10 seconds, and recording the number
of watt meter revolutions and mass of the ground corn thus
produced. The results from the partial grinding method
were used to calculate both grinding energy and grinding
rate.
On the average, grinding energy decreased with in
creasing damage level and with increasing moisture content.
Best linear relationships between grinding energy and
damage level were found to exist when corn was at 20 and
23 per cent moisture content. The correlation coefficients
were found to be higher for complete grinding method at
14 and 17 per cent moisture content, while at 20 and 23
per cent moisture content partial grinding gave the best
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correlation coefficients. Partial grinding method gave
lesser coefficients of variation. Since grinding time was
controlled, it was concluded that partial grinding was
the best method to use at moisture contents of 20 per cent
or more. The grinding energy values from complete grinding
were almost double those obtained from partial grinding
and this was attributed to the problem of slippage.
Grinding rate was also found to be affected by damage
level and moisture content. It increased with increasing
damage level and moisture content. The best linear rela
tionship between grinding rate and damage level was
obtained at 20 per cent moisture content. Generally, the
best correlation coefficients and the minimum coefficients
of variation were obtained for grinding rate. Thus, it
was concluded that grinding rate was a better method for
predicting mechanical damage levels in com than both
grinding energy methods.
Of the three corn varieties tested, Pioneer 3780
was more difficult to grind using both grinding methods,
as indicated by the high grinding energy values. It was
apparent that variety differences was a significant factor
in determining grinding energy and grinding rate. Another
Important factor was kernel moisture content. Generally,
as moisture content increased from 14 per cent the
grinding process became much smoother and the experimental
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results were more consistent. Kernel size as a factor
was tested but the results were considered inconclusive
since only one corn variety was tested.
Operating the grinder was not an easy process, and
many problems were encountered during the preliminary
tests, the most critical of which was slippage. It was
observed that when grinding corn, the flow of ground
corn tends to stop unless some pressure was applied to
the kernels to force them inbetween the grinding cylinders.
In an attempt to lessen the effects of the problem on
the grinding process the author has spent a lot of time
in studying the behavior of this machine when grinding corn
at different moisture contents, and also testing methods
to improve the flow of corn through the grinding space.
The most successful means tested was the application of
a thrust pressure on the corn kernels using a piece of
cardboard. This process involves human action as well as
judgement which may affect the final results obtained.
However, the effect of slippage was not critical at 20
and 23 per cent moisture content. It was thus concluded
that to use grinding energy and grinding rate as a measure
of corn mechanical damage, corn at 20 per cent or more
moisture content must be used. Some improvements in the
present machine are required to produce more reliable and
consistent results and to eliminate completely human
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involvement in the grinding process. As with other
grinding equipment, such as breakage testers, wide varia
tions in grain properties may often lead to inconsistent
and irreproducible results. Also, the ability of the
machine to distinguish small mechanical damage differences
must be Investigated in order for these grinding methods
to be of any use.
From the sieve analysis it was found that this machine
was successful in grinding com samples to practically
the same texture at any given moisture content irrespective
of damage level and varietal differences. Thus, the
grinding energy values were not affected by the samples
being ground to different textures.
Of the two methods used to evaluate mechanical damage
in corn, none of them came close to predicting the actual
damage level. The USDA grading system was extremely
ineffective in indicating the large increase in mechanical
damage that was prepared as a percentage by weight.
Damage index was more responsive to those increases, and
can be used as an indicator, but not as a measure, of
mechanical damage in corn.
The main objectives of this research work that have
been achieved are:
1. Grinding energy has a linear response to
changing mechanical damage levels in corn.
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2. Grinding rate has the best linear response
compared to grinding energy.
3. Moisture content and variety differences have
a significant effect on both grinding energy
and grinding rate.
Once a positive feed mechanism is developed for the
present grinding machine, and the effects of such factors
as kernel size, sample size and small damage level incre
ments are considered, grinding energy and grinding rate
will be on their way to use in measuring mechanical damage
in corn.
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SUGGESTIONS FOR FURTHER RESEARCH
1. To overcome the problem of slippage when using the
Tag-Heppenstall machine, modify the grinding unit
by changing the flat-surfaced cylinder with another
that has more prominent serrations to provide a sure
grip of the kernels as they approach the grinding
point between the two cylinders. This will provide
a positive feeding mechanism. Since this machine
is bulky and a lot of power is needed to move the
different parts, it is better to design a smaller
machine with the same features found in the grinding
unit of the Tag-Heppenstall machine, and with a
smaller motor.
2. In order to gather more information on the effect
of kernel moisture content and corn variety on
grinding energy and grinding rate, a similar study
must be done with a larger number of replications
for different varieties of corn at a wide range of
moisture contents. In these studies, damaged corn
should be obtained from field shelled corn instead
of using artificially damaged corn. Also, fresh corn
at the required moisture content must be used instead
of rewetted samples.
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3. To evaluate the sensitivity of these grinding
methods in detecting lovoL in corn, a wide
range of damage levels should be tested.
4. Other factors, such as sample size and kernel size,
must be tested to investigate if they have any
significant effect on the grinding results obtained
5. Since the Tag-Heppenstall machine is adaptable to
grinding many cereal grains, such as wheat, soybean
and barley, it should be used to evaluate the pos
sibilities of relating grinding energy and grinding
rate to mechanical damage in those cereal grains.
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APPENDIX A: RECORDED AND CALCULATED DATA
FOR THE MOTOR PERFORMANCE AND
E?1PTY GRINDER TESTS
125
Table Al. Data for the motor performance test
Motor Watt-meter Power Power
Load speed reading input output
Rep. (lb) (RPM) (watt) (watt) (watt)
1 0.5 1750 42 210 65
1 1.0 1725 59 295 129
1 1.5 1700 76 380 190
1 2.0 1675 94 470 250
1 2.5 1650 115 575 308
2 0.5 1750 43 215 65
2 1.0 1725 59 295 129
2 1.5 1700 77 385 190
2 2.0 1650 95 475 246
2 2.5 1600 117 585 298
3 0.5 1750 43 215 65
3 1.0 1725 58 290 129
3 1.5 1700 76 380 190
3 2.0 1675 95 475 250
3 2.5 1650 116 580 308
4 0.5 1750 43 215 65
4 1.0 1725 58 290 129
4 1.5 1700 77 385 190
4 2.0 1675 97 485 250
4 2.5 1625 117 585 303
126
Table A2. Data for empty grinder power test
Rim Watt-meter Time
number revolutions (sec)
1 10.1 10
2 10.4 10
3 10.A 10
4 10.2 10
127
APPENDIX B: ORIGINAL AW CALCULATED DATA
FOR THE COMPLETE GRINDING ICETHOD
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APPENDIX C: ORIGINAL AND CALCULATED DATA
FOR THE PARTIAL GRINDING METHOD
T
a
b
le
C
l.
D
at
a
fo
r
th
e
U
SD
A
g
ra
in
st
a
n
d
a
rd
s
an
d
th
e
da
m
ag
e
in
d
e
x
co
m
p
ar
is
o
n
te
s
ts
w
it
h
th
e
p
a
r
ti
a
l
g
ri
n
d
in
g
m
e
th
o
d
C
o
m
V
a
ri
e
ty
D
am
ag
e
l
e
v
e
l
^
(%
)
R
e
p
F
in
es
^
a
)
S
e
v
e
r
e
d
a
m
a
g
e
a
)
M
aj
or
^
d
a
m
a
g
e
(%
)
M
in
o
r
d
a
m
a
g
e
(%
)
S
o
u
n
d
k
e
rn
e
ls
^
(%
)
D
a
m
a
g
e
In
d
e
x
d
T
ro
ja
n
1
1
3
1
0
1
0
..
4
7
4
.3
0
2
, .
4
7
2
.7
6
9
0
1
5
.8
0
1
0
2
0
..
5
3
3
,.
8
0
2
, .
5
0
3
,.
1
7
9
0
1
5
.4
6
1
0
3
0
..
5
7
4
,.
1
3
2
. ,
4
7
2
.8
3
9
0
1
5
.7
5
1
0
4
0
..
6
0
3
, .
7
3
2
, .
6
3
3
,.
0
4
9
0
1
5
.5
1
2
0
1
0
..
8
7
7
..
2
7
4
..
2
7
7
, .
5
9
8
0
2
0
.2
2
2
0
2
0
.,
8
0
7
, .
7
7
4
.,
3
3
7
, .
1
0
8
0
2
0
,.
5
9
2
0
3
1
.,
0
0
7
,.
6
0
3
..
9
7
7
,.
4
3
S
O
2
0
, .
4
7
2
0
4
0
.,
8
3
7
.,
7
3
4
.,
0
7
7
..
3
7
8
0
2
0
,.
4
8
3
0
1
1
.,
4
0
1
0
.,
8
0
6
.
6
3
1
1
.,
1
7
7
0
2
5
,.
4
1
3
0
2
1
.,
4
0
1
1
..
1
7
6
.,
6
7
1
0
.,
7
6
7
0
2
5
.,
7
2
3
0
3
1
.
3
7
1
3
. ,
2
3
6
.,
4
0
9
.,
0
0
7
0
2
7
.,
2
4
3
0
4
1
.
4
3
1
2
.,
0
0
7
.
0
3
9
.,
5
4
7
0
2
6
.
5
6
4
0
1
1
.,
5
0
1
6
,.
0
3
8
. ,
4
7
1
4
,,
0
0
6
0
3
1
.,
4
1
4
0
2
1
.,
7
0
1
6
.,
8
3
8
. ,
7
3
1
2
. .
7
4
6
0
3
2
.
3
2
P
io
n
e
e
r
3
7
8
0
4
0
3
1
.7
0
1
6
.9
3
9
.2
7
1
2
.1
0
6
0
3
2
.6
1
4
0
4
1
.6
3
1
6
.3
0
9
.3
7
1
2
.7
0
6
0
3
2
.0
9
1
0
1
0
.6
0
4
.1
3
2
.1
7
3
.1
0
9
0
1
5
.6
5
1
0
2
0
.7
3
4
.0
7
2
.9
3
2
.2
7
9
0
1
6
.0
1
1
0
3
0
.6
0
4
.1
3
2
.5
7
2
.7
0
9
0
1
5
.8
1
1
0
4
0
.6
3
4
.4
0
2
.4
7
2
.5
0
9
0
1
6
.0
1
2
0
1
1
.0
0
7
.7
0
4
.6
7
6
.6
3
8
0
2
0
.8
2
2
0
2
0
.9
3
8
.0
3
4
.2
7
6
.7
7
8
0
2
0
.8
8
2
0
3
0
.9
7
7
.5
3
4
.2
3
7
.2
7
8
0
2
0
.4
9
2
0
4
0
.9
3
7
.2
7
4
.7
7
7
.0
3
8
0
2
0
.4
7
3
0
2
1
.5
3
1
2
.7
3
7
.4
7
8
.2
7
7
0
2
7
.4
0
3
0
3
1
.3
3
1
2
.0
3
6
.7
0
9
.9
4
7
0
2
6
.3
7
D
am
ag
e
le
v
e
l
w
as
o
n
a
p
e
rc
e
n
ta
g
e
w
e
ig
h
t
b
a
s
is
.
^F
in
es
w
er
e
ob
ta
in
ed
th
ro
ug
h
a
12
/6
4
in
ch
ro
un
d-
ho
le
si
ev
e.
*^
Pe
rc
en
ta
ge
by
w
ei
gh
t
(g
m
)
.
"^
Da
ma
ge
In
de
x
=
[(
Fi
ne
s
+
Se
ve
re
da
ni
ag
e)
10
+
(M
aj
or
da
m
ag
e)
6
+
(M
in
or
d
am
ag
e)
2
+
S
o
u
n
d
k
e
rn
e
ls
]/
lO
.0
.
L
n
u
i
T
a
b
le
C
l.
(C
o
n
ti
n
u
e
d
)
C
o
r
n
V
a
ri
e
ty
D
am
ag
e
l
e
v
e
l
^
(%
)
R
e
p
F
in
es
^
(%
)
S
e
v
e
re
^
d
a
m
a
g
e
(%
)
H
a
jo
r
d
a
m
a
g
e
m
M
in
or
^
d
a
m
a
g
e
(^
o)
S
ou
nd
^
k
e
r
n
e
l
s
(%
)
D
am
ag
e
In
d
ex
"^
3
0
4
1
,.
4
0
1
2
.2
7
1
.7
7
8
.5
6
7
0
2
7
.0
4
4
0
1
2
, .
1
3
1
7
.7
3
9
,.
5
0
1
0
.6
4
6
0
3
3
.6
9
4
0
2
1
,.
9
3
1
7
,.
0
3
9
,.
5
7
1
1
.4
7
6
0
3
3
.0
0
4
0
3
2
, .
3
7
1
6
,.
9
7
9
..
0
0
1
1
.6
6
6
0
3
3
.0
7
4
0
4
2
. .
1
0
1
6
,.
7
3
9
. .
0
7
1
2
.1
0
6
0
3
2
.6
9
P
io
n
e
e
r
3
5
2
9
1
0
1
0
..
6
0
3
, .
8
3
2
. ,
7
3
2
.8
4
9
0
1
5
,.
6
4
1
0
2
0
.,
6
3
3
. ,
4
3
2
.
6
3
3
.3
1
9
0
1
5
,.
3
0
1
0
3
0
. ,
5
3
3
..
6
7
2
.
6
0
3
.2
0
9
0
1
4
,.
8
8
1
0
4
0
.
5
3
3
.,
9
0
2
.
3
7
3
.2
0
9
0
1
5
,,
4
9
2
0
1
0
.
9
0
7
.,
8
0
4
.
2
0
7
.1
0
8
0
2
0
. ,
6
4
2
0
2
1
.
1
3
7
..
9
0
4
.
4
7
6
.5
0
8
0
2
1
.,
0
1
2
0
3
0
.
7
3
7
.,
1
7
4
.
2
0
7
.9
0
8
0
2
0
.
0
0
2
0
4
0
.
9
7
8
.
6
0
4
.
7
0
5
,.
7
3
8
0
2
1
.
5
4
3
0
1
1
.4
0
1
3
.2
7
7
.7
3
7
.6
0
7
0
2
7
.8
3
3
0
2
1
.2
7
1
1
.0
7
7
.6
0
1
0
.0
6
7
0
2
5
.9
1
3
0
3
1
.3
7
1
1
.7
7
7
.1
7
9
-
6
9
7
0
2
6
,3
8
3
0
4
1
.3
0
1
2
.9
0
6
.5
3
9
.2
7
7
0
2
6
.9
7
4
0
1
1
.7
3
1
7
.1
7
9
.2
7
1
1
.8
3
6
0
3
2
.8
3
4
0
2
1
.9
7
1
8
.6
0
9
.3
3
1
0
.1
0
6
0
3
4
.1
9
4
0
3
1
.9
0
1
6
.2
7
9
.9
0
1
1
.9
3
6
0
3
2
.3
3
4
0
4
2
.0
7
1
6
.3
7
9
.6
3
1
1
.9
3
6
0
3
2
.6
0
1
/1
-n
1
T
a
b
le
C
2
.
D
a
ta
f
o
r
th
e
f
a
c
t
o
r
i
a
l
e
x
p
e
ri
m
e
n
t
o
f
p
a
r
ti
a
l
g
ri
n
d
in
g
m
e
th
o
d
C
o
r
n
v
a
r
ie
ty
M
o
i
s
t
u
r
e
c
o
n
t
e
n
t
^
(%
)
D
am
ag
e
le
v
e
l^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
ei
g
h
t*
^
C
gi
o)
W
a
t
t
-
m
e
t
e
r
r
e
v
o
l
u
t
i
o
n
s
G
ri
n
d
in
g
t
i
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
T
ro
ja
n
1
1
3
1
4
0
1
1
3
0
.6
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.8
4
1
4
0
2
1
3
0
.2
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.8
5
1
4
0
3
1
2
9
.8
T
.1
8
1
0
2
5
5
2
1
.4
6
1
.6
5
1
4
0
4
1
2
7
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.6
8
1
4
1
0
1
1
4
0
.5
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.7
1
1
4
1
0
2
1
4
2
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
1
1
4
1
0
3
1
3
6
.7
1
.1
5
1
0
2
4
8
1
6
.9
1
1
.2
4
1
4
1
0
4
1
3
8
.3
1
.1
6
1
0
2
5
1
1
8
.8
6
1
.3
6
1
4
2
0
1
1
4
8
,3
1
.1
8
1
0
2
5
5
2
1
,4
6
1
.4
5
1
4
2
0
2
1
4
0
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
3
1
4
2
0
3
1
4
6
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
6
1
4
2
0
4
1
5
0
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
3
lA
3
0
1
1
5
3
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
0
1
4
3
0
2
1
5
6
.7
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.5
3
1
4
3
0
3
1
5
6
.2
1
.1
8
1
0
2
5
9
2
4
.0
5
1
.3
7
1
4
3
0
4
1
5
5
.8
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.5
4
1
4
4
0
1
1
6
2
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
2
1
4
4
0
2
1
6
3
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
2
1
4
4
0
3
1
6
2
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
2
1
4
4
0
4
1
6
8
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
7
1
7
0
1
1
3
8
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
5
1
7
0
2
1
4
2
.4
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.6
9
1
7
0
3
1
4
3
.6
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.6
7
1
7
0
4
1
4
3
.3
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.6
8
1
7
1
0
1
1
4
8
.7
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.6
2
1
7
1
0
2
1
4
2
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
1
1
7
1
0
3
1
4
1
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.
5
2
1
7
1
0
4
1
3
9
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
4
M
oi
st
ur
e
co
nt
en
t
w
as
on
a
pe
rc
en
ta
ge
w
et
w
ei
gh
t
ba
si
s.
^D
am
ag
e
le
ve
l
wa
s
on
a
pe
rc
en
ta
ge
w
eig
ht
ba
si
s.
'G
ro
u
n
d
sa
m
p
le
w
e
ig
h
t
w
as
o
n
a
w
et
w
e
ig
h
t
b
a
s
is
.
U
i
V
O
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
C
o
m
v
a
r
ie
ty
M
o
is
tu
r
e
c
o
n
te
n
t^
(%
)
D
a
m
a
g
e
le
v
e
l'
^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
ei
g
h
t^
(g
m
)
W
a
t
t
-
m
e
t
e
r
r
e
v
o
lu
ti
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
te
r
ia
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
T
ro
ja
n
1
1
3
1
7
2
0
1
1
4
6
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
6
1
7
2
0
2
1
4
8
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
4
1
7
2
0
3
1
4
7
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
6
1
7
2
0
4
1
4
7
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
6
1
7
3
0
1
1
5
3
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
0
1
7
3
0
2
1
5
0
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
3
1
7
3
0
3
1
5
8
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
5
1
7
3
0
4
1
5
4
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
9
1
7
4
0
1
1
7
8
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
0
1
7
4
0
2
1
8
0
.4
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.3
3
1
7
4
0
3
1
6
8
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
8
1
7
4
0
4
1
7
3
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
4
2
0
0
1
1
4
3
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
9
2
0
0
2
1
4
5
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.^
7
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
0 0
1
0
1
0
1
0
1
0
2
0
2
0
2
0
2
0
3
0
3
0
3
0
3
0
4
0
4
0
4
0
4
0
1
5
0
.8
1
4
7
.2
1
6
0
.0
1
5
4
.2
1
6
9
.3
1
5
8
.7
1
7
8
.5
1
7
6
.6
1
6
5
.2
1
7
3
.6
1
7
9
.8
1
8
2
.3
1
8
3
.5
1
8
2
.0
1
9
3
.8
1
9
7
.6
1
9
0
.1
1
9
8
.1
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
,1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
ID 1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.4
2
1
.4
6
1
.3
4
1
.3
9
1
.2
7
1
.3
5
1
.2
0
1
.2
2
1
.3
0
1
.2
4
1
.1
9
1
.1
8
1
.1
8
1
.1
8
1
.1
1
1
.0
9
1
-
1
3
1
.0
8
O
N
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
C
o
m
v
a
r
ie
ty
T
ro
ja
n
1
1
3
i
s
t
u
r
e
n
te
n
t^
)
D
am
ag
e
le
v
e
l^
(%
)
R
ep
G
ro
u
n
d
S
a
m
p
le
w
e
ig
h
t^
(g
m
)
W
a
t
t
-
m
e
t
e
r
r
e
v
o
l
u
t
i
o
n
s
G
ri
n
d
in
g
t
i
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
to
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
ri
d
in
g
e
n
e
r
g
y
(J
/g
m
)
2
3
0
1
1
5
2
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
1
2
3
0
2
1
6
8
,3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
8
2
3
0
3
1
6
1
.6
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.
'3
3
2
3
0
4
1
5
9
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
i.
'i
S
2
3
1
0
1
1
7
8
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
0
2
3
1
0
2
1
6
7
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.
2
8
2
3
1
0
3
1
7
6
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
l
.
l
l
2
3
1
0
4
1
7
1
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.
2
6
2
3
2
0
1
1
8
7
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
4
2
3
2
0
2
1
8
3
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
x
7
2
3
2
0
3
1
8
0
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
i
1
9
2
3
2
0
4
1
8
2
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
8
2
3
3
0
1
1
9
4
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
;
~
0
2
3
3
0
2
1
9
6
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
:
:'
9
P
o
in
e
e
r
3
7
8
0
2
3
2
3
2
3
2
3
2
3
2
3
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
3
0
3
0
4
0
4
0
4
0
4
0 0 0 0 0
1
0
1
0
1
0
1
0
2
0
2
0
2
0
3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3
1
9
3
.8
1
9
0
.4
1
9
9
.3
2
0
9
.2
2
1
0
.8
2
0
8
.2
1
0
2
.9
9
7
.7
9
3
.5
1
0
4
.1
1
1
6
.7
1
2
3
.8
1
2
2
.7
1
2
4
.6
1
3
1
.8
1
3
4
.5
1
4
2
.5
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
6
1
.1
8
1
.1
8
1
.1
8
1
,1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
1
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
8
.5
7
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
-
.
4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.1
1
1
.1
3
1
.0
8
1
.0
3
1
.0
2
1
.0
3
2
.0
9
1
.9
0
2
.3
0
2
.0
6
1
.8
4
1
.7
3
1
.7
5
1
.7
2
1
.6
3
L
.5
1
1
.5
1
o
^
U
)
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
M
o
i
s
t
u
r
e
C
o
m
c
o
n
te
n
t^
v
a
ri
e
ty
(%
)
D
am
ag
e
le
v
e
l^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
e
ig
h
t^
(g
m
)
W
a
tt
-
m
e
te
r
r
e
v
o
l
u
t
i
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
P
io
n
e
e
r
3
7
8
0
1
4
2
0
4
1
2
8
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.6
6
1
4
3
0
1
1
4
5
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
8
1
4
3
0
2
1
4
4
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
8
1
4
3
0
3
1
4
6
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
6
1
4
3
0
4
1
5
0
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
3
1
4
4
0
1
1
5
5
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
8
1
4
4
0
2
1
5
2
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
1
1
4
4
0
3
1
5
0
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
3
1
4
4
0
4
1
5
6
.3
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.5
4
1
7
0
1
1
3
5
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
8
1
7
0
2
1
4
1
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
2
1
7
0
3
1
2
2
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.7
5
1
7
0
4
1
3
7
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
6
1
7
1
0
1
1
4
0
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
3
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
1
7
2
0
2
0
1
0
1
0
1
0
2
0
2
0
2
0
2
0
3
0
3
0
3
0
3
0
4
0
4
0
4
0
4
0 0 0
2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2
1
3
6
.0
1
4
3
.3
1
4
7
.9
1
4
8
.3
1
4
5
.8
1
5
0
.3
1
4
9
.8
1
5
9
.9
1
5
6
.0
1
6
2
.5
1
6
0
.7
1
8
1
.9
1
7
5
.3
1
7
0
.6
1
7
2
.7
1
4
6
.2
1
5
2
.6
1
.1
8
I
.I
B
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.5
8
1
.5
0
1
.4
5
1
.4
8
1
.4
7
1
.4
3
1
.4
3
1
.3
4
1
.3
8
1
.3
2
1
.3
4
1
.1
8
1
.2
2
1
.2
6
1
.2
4
1
.4
7
1
.4
1
O
N
L
n
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
C
o
m
v
a
r
ie
ty
M
o
i
s
t
u
r
e
c
o
n
te
n
t®
(%
)
D
am
ag
e
le
v
e
l^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
e
ig
h
t^
(g
m
)
W
a
tt
-
m
e
te
r
r
e
v
o
l
u
t
i
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
P
i
o
n
e
e
r
3
7
8
0
2
0
0
3
1
4
8
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
5
2
0
0
4
1
5
1
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
2
2
0
1
0
1
1
5
7
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
6
2
0
1
0
2
1
6
2
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
2
2
0
1
0
3
1
6
3
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
1
2
0
1
0
4
1
5
2
.9
l
a
s
1
0
2
5
5
2
1
.4
6
1
.4
0
2
0
2
0
1
1
7
8
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
,2
1
2
0
2
0
2
1
6
9
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
7
2
0
2
0
3
1
7
9
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
0
2
0
2
0
4
1
7
4
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
3
2
0
3
0
1
1
8
2
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
8
2
0
3
0
2
1
8
9
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
3
2
0
3
0
3
1
8
9
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
3
2
0
3
0
4
1
8
7
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
5
2
0
2
0
2
0
2
0
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
4
0
4
0
4
0
4
0 0 0 0 0
1
0
1
0
1
0
1
0
2
0
2
0
2
0
2
0
3
0
3
0
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2
1
9
8
.0
1
9
0
.6
2
0
1
.2
1
9
4
.0
1
6
4
.1
1
6
6
.0
1
5
9
.5
1
5
6
.3
1
8
2
.2
1
7
5
.4
1
7
0
.1
1
7
4
.9
1
8
2
.7
1
8
5
.2
1
7
8
.9
1
8
0
.8
1
8
5
.7
1
9
0
.4
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.2
0
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
9
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
4
.0
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.0
8
1
.1
3
1
.0
7
1
.1
1
1
.4
7
1
.2
9
1
.3
5
1
.3
7
1
.1
8
1
.2
2
1
.2
6
1
.2
3
1
.1
7
1
.1
6
1
.2
1
1
.1
9
1
.1
6
1
.1
3
o
>
T
a
b
le
C
2
,
(C
o
n
ti
n
u
e
d
)
C
o
r
n
v
a
r
ie
ty
M
o
is
tu
r
e
c
o
n
te
n
t®
(%
)
D
am
ag
e
le
v
e
l^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
e
ig
h
tc
C
gm
)
W
a
tt
-
m
e
te
r
r
e
v
o
lu
ti
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
to
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
P
i
o
n
e
e
r
3
7
8
0
2
3
3
0
3
1
9
7
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
9
2
3
3
0
4
1
9
2
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
2
2
3
4
0
1
2
0
3
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
6
2
3
4
0
2
1
9
7
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
8
2
3
4
0
3
2
0
7
.8
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
3
2
3
4
0
4
2
0
9
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
3
P
io
n
e
e
r
3
5
2
9
1
4
0
1
1
2
6
.5
1
.2
0
1
0
2
5
9
2
4
.0
5
1
.9
0
1
4
0
2
1
2
8
.8
1
.1
7
1
0
2
5
3
1
9
.9
8
1
.5
5
1
4
0
3
1
2
7
.9
1
.1
6
1
0
2
5
1
1
8
.5
7
1
.4
5
1
4
0
4
1
2
8
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.6
8
1
4
1
0
1
1
3
4
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.6
0
1
4
1
0
2
1
3
7
.8
1
.1
7
1
0
2
5
3
1
9
.9
8
1
.4
5
1
4
1
0
3
1
3
8
.3
1
.1
8
.
1
0
2
5
5
2
1
.4
6
1
.5
5
1
4
1
0
4
1
4
0
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
2
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
4
1
7
1
7
1
7
1
7
1
7
1
7
2
0
2
0
2
0
2
0
3
0
3
0
3
0
3
0
4
0
4
0
4
0
4
0 0 0 0 0
1
0
1
0
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2
1
4
5
.7
1
3
8
.4
1
4
3
.2
1
4
2
.2
1
5
1
.4
1
4
3
.5
1
4
7
.5
1
5
2
.3
1
6
0
.8
1
5
3
.2
1
6
1
.0
1
6
1
.7
1
5
0
.2
1
3
8
.B
1
3
0
.0
1
4
0
.3
1
4
2
.7
1
4
8
.8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.2
0
1
.1
8
1
.1
8
1
.1
8
1
.1
6
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
9
2
5
5
2
5
5
2
5
5
2
5
1
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
4
.0
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
8
.5
7
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.4
7
1
.5
5
1
.5
0
1
.5
1
1
.4
2
1
.5
0
1
.4
6
1
.4
1
1
.3
4
1
.4
0
1
.4
9
1
.3
3
1
.4
3
1
.5
6
1
.4
3
1
.5
3
1
.5
0
1
.4
4
O
v
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
M
o
is
tu
r
e
C
o
rn
c
o
n
te
n
t^
v
a
r
ie
ty
(%
)
D
am
ag
e
le
v
e
l^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
e
ig
h
t^
(g
m
)
W
a
tt
-
m
e
te
r
r
e
v
o
lu
ti
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(J
/g
m
)
P
io
n
e
e
r
3
5
2
9
1
7
1
0
3
1
4
3
.1
1
.1
8
1
0
2
5
5
2
1
,4
6
1
.5
0
1
7
1
0
4
1
4
1
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.5
2
1
7
2
0
1
1
5
7
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
6
1
7
2
0
2
1
4
7
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.4
5
1
7
2
0
3
1
5
5
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
8
1
7
2
0
4
1
5
5
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
9
1
7
3
0
1
1
7
6
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
1
1
7
3
0
2
1
7
0
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
6
1
7
3
0
3
1
5
8
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
5
1
7
3
0
4
1
6
4
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
1
1
7
4
0
1
1
7
9
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
0
1
7
4
0
2
1
7
0
.9
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
6
1
7
4
0
3
1
8
5
.1
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
6
1
7
4
0
4
1
7
9
.4
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
2
0
0 0 0 0
1
0
1
0
1
0
1
0
2
0
2
0
2
0
2
0
3
0
3
0
3
0
3
0
4
0
4
0
1
5
7
.2
1
5
4
.7
1
3
6
.8
1
4
6
.7
1
6
4
.0
1
6
4
.5
1
6
8
.0
1
6
2
.4
1
7
5
.3
1
8
2
.5
1
7
4
.5
1
7
7
.2
1
8
4
.9
1
8
7
.4
1
8
3
.0
1
8
9
.4
1
9
4
.0
2
0
0
.0
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.3
7
1
.3
9
1
.5
7
1
.4
6
1
.3
1
1
.3
1
1
.2
8
1
.3
2
1
.2
2
1
.1
8
1
.2
3
1
.2
1
1
.1
6
1
.1
5
1
.1
7
1
.1
3
1
.1
1
1
.0
7
"
s
j
T
a
b
le
C
2
.
(C
o
n
ti
n
u
e
d
)
C
o
m
v
a
r
ie
ty
M
o
is
tu
r
e
c
o
n
te
n
t^
(%
)
B
a
m
a
g
e
le
v
el
^
(%
)
R
e
p
G
ro
u
n
d
S
a
m
p
le
w
ei
gh
t*
^
(g
m
)
W
a
t
t
-
m
e
t
e
r
r
e
v
o
l
u
t
i
o
n
s
G
ri
n
d
in
g
ti
m
e
(s
e
c
)
In
p
u
t
p
o
w
e
r
(W
a
tt
)
P
o
w
e
r
t
o
m
a
t
e
r
i
a
l
(W
a
tt
)
G
ri
n
d
in
g
e
n
e
r
g
y
(j
/g
m
)
P
i
o
n
e
e
r
3
5
2
9
2
0
4
0
3
1
9
8
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
8
2
0
4
0
4
1
9
8
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.0
8
2
3
0
1
1
7
0
.6
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
6
2
3
0
2
1
6
4
.0
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
1
2
3
0
3
1
6
0
.6
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
5
2
3
0
4
1
5
9
.6
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.3
5
2
3
1
0
1
1
8
2
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
8
2
3
1
0
2
1
6
9
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
7
2
3
1
0
3
1
7
2
,3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
5
2
3
1
0
4
1
7
4
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
3
2
3
2
0
1
1
7
4
.3
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.2
3
2
3
2
0
2
1
8
3
.7
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
7
2
3
2
0
3
1
9
1
.5
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
2
2
3
2
0
4
1
8
4
.2
1
.1
8
1
0
2
5
5
2
1
.4
6
1
.1
7
2
3
2
3
2
3
2
3
2
3
2
3
2
3
2
3
3
0
3
0
3
0
3
0
4
0
4
0
4
0
4
0
1 2 3 4 1 2 3 4
1
9
7
.9
1
8
8
,2
1
9
2
.4
1
9
4
.6
2
0
4
.7
2
1
0
.2
2
0
3
.0
2
0
5
.3
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
.1
8
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
5
5
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
2
1
.4
6
1
.0
8
1
.1
4
1
.1
2
1
.1
0
1
.0
5
1
.0
2
1
.0
6
1
.0
5
-
s
j
O
J
